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OTIACHOTO BEMIECTBA NPH TEPaKTe MPHUBEICT K HEXKENaTeIbHBIM MOCIEACTBUSIM HAa MECTE PACIOJIOKECHUS 00BEKTa
atakd. Meroauka. [l pelmieHns: MOCTaBICHHOHN 3a/auM HCIIONBb3yeTCs YpPaBHEHHUE, CONPSDKEHHOE C ypaBHCHHEM
MaccolepeHoca B aTMOC(hepHOM BO3AyXe XUMHUIECKOTO areHTa, BHIOPOIIEHHOTO B CiIydae Tepakra. [Ipu Moaenupo-
BaHHU YYHUTHIBACTCSI [10JIE CKOPOCTH BETPOBOT'O MOTOKA, aTMochepHas aAuddy3usi, HHTEHCUBHOCTh BEIOpOCa OMacHO-
ro BemiecTBa. JlJi1 YUCICHHOTO WHTETPUPOBAHHS MOJEIUPYIOIIEro CONPSKEHHOTO YpaBHEHHUS BBOASTCS HOBBIE Ie-
pEMEHHBIEC ¥ MPUMEHSETCS] HEesIBHAsE Pa3HOCTHAs cxema pacuieruieHus. OcoOeHHOCThIO pa3paboTaHHOW YUCICHHOMN
MOJIENHU SIBJISIETCS BO3MOXKHOCTh ONIEPATUBHON OIIEHKH TIOJIOKEHHS Tosica 0€30I1aCHOCTH BO3JI€ BO3ZMOYKHOTO 00BEK-
Ta aTaku. PesynbTarsl. PazpaboTanHas yuclieHHAs MOJENb U KOMIIBIOTEpHAs porpaMMa MOTYT ObITh HCIOIB30Ba-
HBI JUI1 HAy9HO 0OOCHOBAaHHOH OIIEHKH ITOJIOKEHHS Iosica 0€30IaCHOCTH BO3JIE€ 3HAYMMBIX OOBEKTOB B CIIydae BO3-
MOXHBIX TEPAKTOB C MPUMEHEHHEM XUMHYeCKuX (OMonornueckrux) areHToB. [locTpoeHHas YnuciIeHHas MOJEeIb MO-
XKeT OBITh pean30BaHa HAa KOMIBIOTEpaX MAJOH M cpeJHEeH MOIIHOCTH, YTO MO3BOJISIET MIMPOKO HMCIOJIb30BaTh €€
JUIl pellleHHsl 3a/ad paccMaTpUBaeMOro Kiacca INpH pa3padoTKe IUlaHa JIMKBUAALWK aBAapHUHHOM CHTYallHH.
[MpencTaBneHs! pe3yabTaThl BEIYUCIUTENLHOTO SKCIIEPUMEHTA, TO3BOJISIONINE OLIEHUTh BOZMOXKHOCTH IMPEAJIOKEH-
HOTO METOJIa pacyeTa IOJIOKEHHUS Mosica 0E30MacHOCTH B CIIydae TepakTa ¢ UCIOIb30BaHHEM XMMHUYECKOTO areHTa.
Hayunas noBusHa. [Ipennoxen 3((GeKTUBHBIA METOJ| pacyera IOJIOKEeHHUs osica 0e301acCHOCTH BO3Jie 0OBEKTa,
KOTOPBIIl MOXKET OBITH IENIbI0 TEPPOPUCTHUECKON aTakM ¢ MPHUMEHEHHEM XMMHUYECKH OIacHOIro BemecTBa. Meton
OCHOBaH Ha YHCJICHHOM HWHTETPUPOBAHUM YPAaBHEHHMS, SIBISIONIETOCS CONPSDKEHHBIM K YPaBHEHHIO MaccollepeHoca
XMMHYECKH OIACHBIX BEIIECTB B atMocepHOM Bo3ayxe. IIpakTHyeckass 3HAYUMOCTb. [IpennoKeHHBIH METOx
pacueTa MoJIOKeHHS Mosica 6e30MaCHOCTH BO3JIe 00BEKTa, KOTOPBIH MOXKET OBITh LIEJIbI0 TEPPOPUCTUIECKOM aTakH C
MIPUMEHEHNEM XUMHUUECKH OMAaCHOTO BEIIECTBA, MOKET OBITh UCIIOIB30BaH ISl OPTaHU3AINH 3AIIUTHBIX MEPOIpHUs-
THH{, HaNPaBJIICHHBIX HA MUHUMH3AIIMIO TTOCIIE/ICTBUI TEPaKTOB.

Kniouegvie cnosa: TepakT; XUMHYECKOE 3arps3HEHHE; COINPSDKEHHOE ypaBHEHHE; YHCICHHOE MOJEIHPOBAHME;
3arpsisHEHUE aTMOC(hephI

oT psaa QakropoB u ycnoBuid. OgHUM U3 (QakTo-
Beenenue POB, KOTOPBIH MHHHMH3HUPYET HETaTUBHBIE I10O-
CIIEJICTBHUSI TEPAKTOB C MPUMEHEHHEM XHMHYECKU
OTIACHBIX BELIECTB, SBJISIETCS HAJIMUME «I10sica 0e3-
OMACHOCTH» BO3JI€ BO3MOXKHOI'O OOBEKTa aTakH

[TpobGiema TepakToB mpHOOpena B IOCIEIHEE
BpeMsi 04eHb Oosbioe 3Hauenue [1, 2, 4-14]. Mu-
HUMU3AIUS TOCIEICTBUI TEPAKTOB — KpallHe BaX-
Has 3a/1a4a, YCIEIIHOe PEeLIeHUEe KOTOPOH 3aBHCHUT (puc.1).
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DTO Takas rpaHuIa, 33 KOTOPOH BHIOPOC omac-
HOTO areHTa MPHUBEJET K KpaifHe HeXelaTeIbHOMY
3arps3HEHUIO BO3AYIIHOW CPENIbl C TSHKEIBIMHU T10-
CIIEJICTBUSAMH JTS UETOBEKA.

Puc. 1. l'umorernueckas ueib nNpu
TEPPOPUCTUYECKON aTaKe:
1 — menb (ToUKa «MHTEpecay), 2 — rpaHuIia mosica 6e30MmacHo-
cTH, 3 — HaMpaBIIeHUE BETPA.

Fig. 1. Hypothetical target during terrorist attack:
1 —target of terrorist attack; 2 — ‘safety boundary’;
3 —wind direction

Bri6poc omacHoOro areHTa 10 3TOH TpaHUIIBI —
HE MPUBEIET K Cepbe3HOMY 3arpsi3HEHHIO BO3IyXa
B Touke «uHTepeca». [lox Toukoit mHTEpeca Oymem
MOHUMAaTh OOBEKT, HA KOTOPBII HalpaBiieHa aTaka
TeppopucTa (pa3BlieKaTeNbHbIE IEHTPHI, aIMUHH-
CTpaTHBHBIE 3/aHUs U T.1.). Kpome 3TOro, msl
JOJDKHBI IPUHUMAaTh BO BHHUMAaHHE, YTO IPHU Tep-
aKTe ¢ MPUMEHEHWEM XUMHYECKOro (OHoiormye-
CKOT'0) areHTa BaXKHEHIINM MapaMeTpoM SBIISETCS
BpeMs: Yy JIIOJIEH, B 30HE aTaku JOJDKHO OBITH 6pe-
M5 Ha YKPBITHE.

dopmanu3upyeM BbIIIE CKa3aHHOE: KOOpAWHA-
THI MECTa aTaku (MECTO BBIOPOCA OMACHOTO areHTa)

0003HauMM uepes I = (XO, yo), puc.1. Koopauna-
ThI 00BEKTA aTakH (TOYKH «HHTEpeca») 0003HaYNM
yepes | :(Xi , yi) Jlo MOMeHTa BpEMEHU T KOH-

HOEHTpaluA OIMaCHOI'0 BCUICCTBA B TOYKE «HUHTCPEC-

ca» HC JOJIKHaA IIPEBBIIIATH HEKOTOPOTo
oporoBoro 3HadeHus ¢ . To ecTb:

C(r,7)<e (1).

[loporoBoe 3HaueHwme @ — 3TO, HaNpUMeEp,

KOHILIGHTpauusi, NMpu KOTOPOM HACTYIAeT MOTeps

CO3HAHHUs YENOBEKOM, YAylibe T.I. Bpems 7
OTpeJeNsieT «3amacy BpEMEHU Y JIIOACH Ha 3BaKy-
alluIo.

Jus  permmeHust 3amadd 1O OIEHKE YPOBHS
3arps3HEHHS] BO3MYIIHOM Cpeasl ¢ TMPUMEHEHHEM
XUMUYECKUX (OMOJOTMYECKHUX) arcHTOB, a 3HAYUT
JUTSI OTIPEIICIICHUS TIOJIOMKEHUS TIosica 0€301TacHOCTH,
MOXHO  HCIOIb30BAaTh  QHAIMTHYCCKHE  HIIH
yucleHHble Moaenu [3, 5, 8]. Ho mpuMeHHue Takux
MOJENECH JUIsl pelIeHMs TOCTaBICHHON 3aaayu
TpeOyeT MpOBEeNeHHs JECATKOB pPacueToB, B XOje
KOTOPBIX BapbUPYIOTCSI KOOPAHWHATHI BO3MOXKHOTO
MecTa BhIOpOCA ONAcHOTO BELIECTBA X, Y,, HO-

CKOJIbBKY 3TH KOOPAWHATHl — HEU3BECTHHI (HEW3-
BECTHO MecTo aTaku Teppopucra). To ecTs, 3amaya
peliaercs nepedopoM pa3IuYHbIX BapUAHTOB MECTa
BEIOpOCca mpu Tepakte. [Ipu 3ToM HE0OX0IUMO yUH-
THIBaTh XapaKTEPHBIC Ul PETMOHA METEOYCIIOBHUS.
[Ipumenenne Takoro moaxonaa TpedyeT MHOTO Bpe-
MEHM Ha TONydeHue TpedyeMoro pesysbTara.
B »sT0#t CBsI3M, akTyanpHOW TMPoOIEeMOoill sBIseTCs
pa3paboTka 3 (HEeKTUBHBIX METOIOB PEIICHUS 3a1a4
M0 ONpE/CNECHUI0 TPAaHUIBl Tosica OE30MaCHOCTH
IIPY BO3MOXKHBIX TEPAKTaX.

Hean

Henbto manHO# paboThI sBIsETCS pa3paboTKa
2D uucneHHOW MOAENU IS ONPEaeNeHUs] TPAHHIL
nosica 0€30MaCHOCTH B CITydae BO3MOXHBIX TepaK-
TOB C TIPUMCHCHHEM XUMHYCCKHUX (6I/IOJ]OFI/I‘IC-
CKHX) areHTOB.

MeToauka

Pa3paboTKy MaTeMaTHYeCKOW MOICTH IS
OLIEHKHM YPOBHS 3arpsisHeHHs aTMochepbl Ipu Tep-
aKkTe Oy/eM TPOBOIUTH IS JBYXMEPHOTO CIIydas.
B o0miem cirydae, nporHo3 3arpsisHeHHs arMocde-
pbl IpU TEPAKTE C IPUMEHEHUEM XUMHYECKOTO
(6MOJIOrHYECKOr0) areHTa OCHOBBIBAETCS HA pellie-
HHMU YPaBHEHHs IIEPEHOCA 3arpA3HSIONIEr0 Bellle-
crBa B arMocepe [2, 3,5, 7, 8]:

oC ouC ovC
—+—+—+0C=
ot ox oy
_g( @}g x
ox Hy ox ) oy Hyay

+Q3(x—=%,)8(y—Yo) (2)
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rae C — KOHIEHTpalus XUMUYecKoro (0monoru-
YeCKOro) areHTa B  aTMOC(EPHOM  BO3IYyXeE;
G — KO3 PHUIMEHT, YYUTHIBAIOIINHA pachaj areHra
B aTMocdepe; U, V — KOMIOHEHTHI BEKTOpa CKOPO-

CTH BO3IYIIHOTO MOTOKA; L= (ux, uy) — k03 u-

LUEHTHl aTMOCc(epHOl TypOyneHTHOH Auddys3um;
Q — MHTEHCHMBHOCTH BBHIOpOCA areHTa MpH Tepak-

T, 6(X — Xy )(y — yo) — nenbra-Qynknus lupaka;
Xy, Yo — KOOpIMHATHl MCTOYHUKA DMUCCUU areHTa
pu TepakTe; t — Bpemsi.

Cnemyer OTMETUTh, 4YTO Macca OIACHOTO
BEIIeCTBa — TAKXKe 3apaHee HEM3BECTHA, HO MOXHO
MPEIOJIOKUTh, YTO OHA He OyOdem TPEBOCXOAMTH
HEKOTOPOW BeIMYUHBI Mmax, COOTBETCTBYIOILICH
TO# Macce, KOTOPYI0 MOKHO MaKCHUMATbHO OJIM3KO
U «HE3aMETHO» JIOCTaBHTh K OOBEKTy aTaku.
Byznem monaratk, 4To BRIOPOC OMACHOTO BEIECTBA
TP TepaKTe MPOUCXOIUT OYEHH OBICTPO, TTOITOMY

B MaTeMaTH4YeCKOH MOJEIH NPHUHUMAEM, YTO
BBIOPOC — MTCHOBEHHBIH.

KpaeBble ycnoBust i ypaBHeHus (2)
3aMMCHIBAIOTCS TaK [3]:

N=N, nmput=0,

C =0 Ha rpaHuIax pacyeTHOM 00JacTH,
rae C, — U3BECTHAs BEJIUYMHA

[pu pelIeHnn MPOTHO3HBIX 3a/1a4
(onpeneneHne pa3sMepoB 30H 3apaKEHHs, HUX

MU3MEHEHHE C TEYEHHEM BPEMEHH, OIpeieIeHHe
BPEMEHHU IOAX0[a O00JaKa TOKCHYHOTO BELIECTBA
K TOYKE «HMHTepeca» M T.J.) HeoOXOIMMO 3a1aThb
WHPOPMAIMIO O TOYKE BBHIOpOCA, T.€ KOOPAHHATHI
Xo» Yo. PellleHne mporHo3HeIX 3amau Ha Oase

ypaBHeHUs (2) Ha3bIBAeTCS PEIICHUEM MPsSMON
3a]]a4M MaccorepeHoca.

OnHako, Kak yXe OTMEYaloCh, KOOPIMHATHI
BO3MOKHOTO MecTa BBIOpOCA OMACHOTO BELIECTBA
HEM3BECTHBI JI0 COBEpIICHHs TepakTa. [loaTomy
IUISL OTIPEZeNICHHs] TPaHMIBI Hosica 0e30macHOCTH
HE0OXO/IMMO TIPOBECTH CEPUI0 PacueToB Ha 0Oase
ypaBHeHus (2), d9ToOBI TyTeM  mepebopa
pa3IMYHBIX BAapHaHOB MECTa 3MHUCCH OIACHOTO
BelecTBa (T.e. MyTeM nepebopa 3HaYeHUH X, Y,)

HaWTH TPaHUITy Tosica 6E30MacCHOCTH.

B nmamHO# paboTe WCIONB3yeM IPYToil MOmXoT
IUISl OmpeNieNieHus] TPaHMIBl Tosica 0e30MacHOCTH.
OtoT noxxox ocHoBbIBaeTcs Ha uaee I'. M. Mapuyka
MPUMEHEHUsI COTpsDKeHHOTo ypaBHenws (3) [3]:

*

oC” ouC” avC’
s = +0C

ot OX oy
0 oc™) o oc”
=y = |+ = u = |+p, 3
ol Ao T avl A P, (3)

e C* — dynkums, conpsokennas ¢ pyuxupein C
p — HexoTopas dynkuus [3].
KpaeBbie ycioBusg Ans cCONpsKEHHOH 3aqauu
umeror Bup [3]:
C =C;

areHra B aTMoc(epHOM BO3OyXe TIpH

KOHIOCHTpalusd  XHUMHUYECKOI'O

t=T,
C" =0 — Ha rpaHULAX pacUETHOI 06IACTH.
Bun ¢yskuum p — MoxkeT OBITh KpaliHe

pasHoobpasubiM [3]. B manuoi pabore BHI (QyHK-
Iuu P OyAeT CieyroIInM:

p(X,y,t)=8(x=%)5(y-V;)8(t—7) (4).

Ecmu pemenne compshbkeHHOTO ypaBHEHUS (2)
HalJIeHo, To, Jajee, He0OXOIUMO HAWTH 3HAUEHHE
(dyHKIMOHANA clieayromero suaa [3]

.
| =Q[C(rg,t)dt,
0

(5)

[locTpouB M30AMHUHU 3TOro (PyHKUHMOHATA MBI
HaxOIUM peIlIeHHe TIOCTAaBICHHON 3afadu U3
yCIIOBUS

(6)

sagaun  (3),

I(r,7)<g

[ns  pemeHuss CONpPSHKEHHOMN
BBEJIEM HOBBIE TepeMenHbie [3],:

U=-u,V=-v,t=T-t.

Peumienue compsikeHHOM 3a7adyd HaYMHAETCS
¢ MOMeHTa BpemeHH t=T.

[Ipy wucCmONB30BaHUM HOBBIX IEPEMEHHBIX,
ypaBHeHue (3) mpuUHHMAeT BUJA ypaBHEHHUS (2).
Janee, mpoBene MpOBENEM  aANIPOKCHMAITUIO
MPOU3BOAHBIX, cieays [2, 5]. AmmpoxcuMarius
MIPOWM3BOAHOMN IO BPEMEHH OCYIIECTBIISIETCS TaK:

~ “n+l “n
aN - Cij _Cij
ot At

Hanee, B popmynax, CAMBOIIBI «*», «  « Oynem
OITyCKaTb.
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ITepBBic IPOU3BOHBIE AMMPOKCUMHPYIOTCS CO-
OTHOIIEHUAMH [5]

ouN ou'C Louc
ox X x|
ovC 8V+C GV C
o oy

+lul

u—juf v V=Y
2 2 2
JInst anmpOKCHUMAIMK  TEPBBIX POU3BOIHBIX
ucnoab3yem hopmyisi [2, 5]:

rae y*

1 1
ou'C Uiy Gy UGl

OX AX L;CM,
al(,;;(C Ui ,C.TA,X—U G _ e
GVa;C ) ,+1Cn+;; viCl _Lcm
N C VipCiin—%GCi™ LYCM,

%y

AnmpokcuManusi BTOPBIX MPOU3BOIHBIX OCY-
HIECTBIsIETCsI TaK [5]:

Ay

n+1 n+l n+1 n+l
i(,u g)z,u CI+1] Cij —u Cij _Ci—l,j _
X OX “AX O AX
_ M Cn+1 + M Cn+1
n+l n+l n+l n+l

i(/,l E)z CI j+l Cij —u Cij Cljl_
ay y ay y A 2 y AXZ

— M Cn+l + M Cn+l

C yd4eToM MpPUBEACHHBIX OOO3HAYCHUI pa3-
HOCTHBIX OIICpaTOpOB 3allrCbIBACM pa3HOCTHI)II\/'I
aHaJIor ypaBHEeHUs (2):

1 n
C/-C:

i i 1 1 1
‘A—t’+ LC™ +LC™ +L,C™ +

+L,C™ +0C™ = (M C™ + L,C™ +

+L,C™ +L,C") +Q,5;,. (7)

Tenmepp mpoBeneM pacileryieHHe PasHOCTHOTO
ypaBueHus (7). YpaBHEHHs PACIICIUICHNS HA Kak-
JIOM IIIare 3alKiChIBAIOTCS TaK:

Ha nepBoM mare (K = %):

Cn+k Cn

1(|_+ck+|_+c )+2c =
At 2 4 "

1 + - n + - n
=Z(MXXCK+MXXC +M;C*+M C"), (8)

Ha Bropom mare (K :n+§; C:n+z;):

ck. —C°.
— i +1(L’Ck +L’C")+EC.“. =
20 y 4 "

1, .. c e ‘e
=Z(Mxxck+|lexc +M,,C*+M;C" ), (9)

1
Ha TPETHEM Ilare (k:n+z;c:n+—;)

2

MPUMEHSIETCS 3aBHCUMOCTH (9);
3
Ha uverseprom mare (K=n+1c=n +Z )

MPUMEHSETCS 3aBUCUMOCTH (8).

Uckomoe 3Hauenne ¢yHkomu C Ha KakAOM
IPOOHOM IIare ompezesnseTcs mo Gpopmysie «oery-
mero cyera». Ha mocieaHem pacdeTHOM Imiare
nMeeM ypaBHEHHUE

oC
ot
st perienns JaHHOTO YpaBHEHUS MPUMEHSIET-
cs MeTo Dilnepa.

[ns nporpaMMHOHN peanu3aluyd NOCTPOSHHOU
yuCcIeHHOU Mojenu ucnoab3oBaincs FORTRAN.

PesyabTarsl

Pa3paborannblii Kox OBUI HMCHOJIB30BAH IS
pelieHuss MOJIeNbHOW 3ajauyn. PaccMaTtpuBaiics
BBIOpOC xjopa. CTaBuTCS 3a7jadya ONpPENeNnTh To-
JIOKEHWE TPaHUIBl Tosica OEe30MaCHOCTH BO3JIE
00beKTa BO3MOXHOH araku (puc.l) ansg AByX Mo-
MEHTOB BpeMeHH 7 =3 u 7 =5 (Bpems Oespas-
MepHoe). B 00oux ciydasx KOHIEHTpalus orac-
HOTO BEIIECTBA /IS KaXKI0T0 MOMEHTa BpEMEHH He
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JOJKHA MPEBBINIATH TOPOrOBOE 3HAUCHHE () = 22
BO3JIc 00BEKTa aTaku (KOHIEHTpaIus Oe3pazMep-

Has). XapaKTepHOE HaIpaBJICHHE CKOPOCTH BETpa
MOKa3aHO CTPEJIKOI Ha MPUBOAMMBIX HUKE PUCYH-
Kax. Ha »STuX pucyHKax TpeicTaBlICHbl JIMHUH
¢dyHKIMoHaANa (4), onpeeIeHHbIC TIOCIE PEIICHUS
COTIPSDKEHHOTO ypaBHEeHHs (3).

lom P
nxoo, o
(RESlLCE ey s

Puc. 2. 3omunanu ¢yskunonana (4) s MOMEHTa
BpeMeHu T = 3 (Bpemsi Ge3pazmMepHoe)

Fig. 2. Isolines of functional (4) for the time moment
t=23 (time is dimensionless)

Puc. 3. M3onmuann pyHkroHana (4) ams MOMEHTa
BpeMeHH T =5 (Bpems Oe3pazMepHoe)

Fig. 3. Isolines of functional (4) for the time
moment t=>5 (time is dimensionless)

Pa3memenne HMCTOYHHMKA OSMHUCCHMM  BAONb
nuann  |=const, mpuBegeT K OJMHAKOBOMY
BO3JICICTBHIO Ha YPOBEHb 3arpsi3HEHMS

atMocdepsl B TOUKe «uHTepeca». Ha rpanune
nosica 0e30MacCHOCTH JIOJDKHBI OBITh NPUHSTHI BCE

MEphI, HE TO3BOJIAIOIINE TEPOPHUCTY €e Tepecedb
U OCYIIECTBUTh OMHCCHIO OITACHOTO BEIIECTBA.
Kak yxe oTMmeyanoch BbIIIE, €CIH OMHCCHS
OMACHOTO BEMIECTBA TMPOU3OMACT 10 TPAHMIIBI
mosica 6e3omacHocty (puc.2, 3), TO YpOBEHb
3arps3HEHMsT Ha OOBEKTE aTaKd HE MPEBBICUT
33JJaHHOTO TMOPOTOBOTO 3HAYCHHUS KOHIICHTPAIUU
JUI BBIODAHHBIX MOMEHTOB BpeMeHH 7 . VHBIMU
CIIOBAMH, PHUCK TIOPAXKEHHUS JTIO/ICH B TOUKE «MHTE-
peca» OyJeT MUHUMATbHBIM.

OTMeTHM, 4TO BpeMs pacyera IOI0XKCHHs Ipa-
HMIIBI ITOsIca 0€30IaCHOCTH COCTABIISET 2 CEK.

Haylmaﬂ HOBU3HA U MPAKTHYECCKas
3HAYUMOCTDb

Pa3zpaborana 4ucineHHass MOJENb, TMO3BOJISIO-
mas ONpeAeNUTh TPaHHIBI Tosica 0e30MacHOCTH
BO3JIe O0BEKTa BO3MOXXHOW aTaku TEeppOpHUCTa,
MIPUMEHSONIET0 XUMHUUYECKUH (OMOIOTHYIEeCKit)
areHT.

OCOOEHHOCTBIO TIOCTPOSHHON MOJCIHU SIBIISCT-
Csl MICTIONTb30BAHUE COMPSHKEHHOTO YPaBHEHUS IS
peleHus 3aa4u U ObICTPOTa pacyera.

BriBoabI

[pemioxkeHa 4YuciIeHHAs] MOJIENb JJIsl OTpesie-
JIEHUS TPaHUIIBI mosica 6e30MacHOCTH Ha Oasze pe-
LICHUS COTIPSDKEHHOM 3a7iaun B 001acTH 3arpsizHe-
HUS aTMOC(EpPHOrO BO3AyXa MPU MIHOBCHHOM
SMUCCUH OTMACHBIX BelecTB. [TocTpoeHHas MOeTh
MOKET TPUMEHSATHCS MpU pa3pabOTKe CTpaTeruu
MUHHMH3AIIH TTOCIIEACTBUI TEPaKTOB ¢ PUMEHEe-
HHEM XUMHYECKHX (OHMOJIOTHYECKUX) areHToB. s
pelIeHUS COTIPSDKEHHOTO YPABHEHHUS UCTIONB3YETCs
HesiBHAas pa3sHOCTHas cxema pacuierieHus. Jlanb-
Helflliee COBEPIIICHCTBOBAHUE JAHHOTO HArpaBlie-
HUS Clie[lyeT MPOBOJWTH B HANpaBIICHUH pa3pa-
OOTKM YMCJICHHOH MOJEIH, IMO3BOJIIONIEH orpe-
JeISTh TPaHMIBI Mosica OE30MaCHOCTH C y4YETOM
BIIMSIHUSL 3aCTPOMKM Ha (OPMHUPOBAHUE 30H 3a-
IpsI3HEHHS TIPU TEPaKTe.
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BU3HAYEHHA MEX ITIOACY BE3IIEKU I1PU TEPAKTAX I3
BUKOPUCTAHHSAM XIMIYHUX ATEHTIB

Mera. Pobora nependauae po3podky 2D uncensHOT MO Ul po3paxyHKy «mosica 6e3nekn» B pasi Tepopuc-
TUYHOTO Harajay i3 BUKOPHCTaHHSIM XiMiuHOro areHra. [losic Oe3neku € KOpAOHOM, 3a SIKMM eMicis Hebe3neuHoi
PEUOBMHM TiJl 4ac TEpakTy IpHu3Bele A0 HeOakaHWX HACHiJKIB Ha MICII pO3TAlIyBaHHS O00’€KTa aTakH.
Metoauka. J{Jst BUPIIIEHHS MOCTABJICHOTO 3aBJIaHHSI BUKOPHUCTOBYETHCS PIBHSHHS, MOEIHAHE 3 PIBHSIHHSIM Maco-
IepeHocy B aTMOc(epHOMY HOBITPi XIMIYHOTO areHTa, BUKMHYTOTO B pa3i TepakTy. [Ipu MoaenroBaHHI BPaXOBYETh-
s TI0JIe IIBUAKOCTI BITPOBOTO MOTOKY, aTMochepHa audy3is, iIH-TEHCUBHICTh BUKHIY HebOe3nedHnoi pedoBuHu. s
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YHCENFHOTO 1HTETPYBaHHS MOJICIIOIOUOT0 CHOJIYYSHOTO PiBHSIHHS BBOJSTHCS HOBI 3MIHHI Ta 3aCTOCOBYETHCS HESB-
Ha pi3HUIEBa cxema posuieruieHHs. OcoOIMBICTIO po3p0o0IeHOT YUCETBHOT MOJIENI € MOXKIIUBICTh ONEPATHBHOI OIli-
HKA CTaHy mosca Oesmekd O MOXIHMBOTO 00’¢kTa araku. PesyasTtarn. Po3pobnena dmcenbHa MO
1 KOMII'IOTepHA TpoTrpaMa MOXKYTh OyTH BHKOPHCTaHI TSI HAYKOBO OOTPYHTOBAHOI OIIHKM CTaHy Mosica Oe3leKu
01 3HAYYIUX 00’ €KTIB Y pa3i MOXKIIMBHUX TEPaKTIB i3 3aCTOCYBaHHAM XiMigHHX (Oionoriunux) arenris. [ToOymoBa-
Ha YHCeJbHAa MOJeNh MOXKe OyTH peari3oBaHa Ha KOMIT FOTepax Majoi i cepemHbOi MOTYKHOCTI, IO JO3BOJIIE IIH-
POKO BHKOPHCTOBYBATH ii JJIs1 BUPIMICHHS 3aBJaHb JAHOTO KJIacy IpH po3poOIi IUiaHy JiKBigalii aBapiifHOi cuTya-
uii. [lpencraBieni pe3ynbTaTi 0OYHUCIIIOBAIFHOTO €KCIIEPUMEHTY, 10 JIO3BOJITIOTH OLIHUTH MOXIIMBOCTI 3alporo-
HOBAHOTO METOJY PO3PaxXyHKY IOJIOKEHHS T0siCy Oe3MeKH B pa3i TEPOPUCTUYHOTO Hanaay i3 BUKOPUCTAHHIM XiMi-
yHOro areHta. HaykoBa HoBHM3HA. 3anponoHOBaHO €(pEKTUBHHN METOJ PO3PAXyHKY ITOJIOXKEHHs MHOsicy Oe3rnexu
0ins 00’exTa, KM MOXKe OYyTH METOI0 TEPOPHCTHYHOI aTakH i3 3aCTOCYBaHHSIM XIMIYHO HeOe3Ne4YHOi pedOBHHHU.
Mero/ 3acCHOBaHUI Ha YHMCEIBLHOMY IHTEIPYBaHHI PIBHSIHHS, IIO € 3B’S3aHUM [0 PIBHSHHS MacolepeHoCy XIMi4HO
HeOe3MeYHNX PEYOBHH B aTMocdepHoMy NoBiTpi. IIpakTuyHa 3HaUYMMicTh. 3alIpONIOHOBAHUI METO/ PO3pPaxXyHKY
TIOJIOXKEHHS TosACy Oe3meku 01t 00’ €KTa, SIKI MOXke OYTH METOX0 TEPOPUCTHYHOI aTaKH i3 3aCTOCYBAaHHAM XiMId4HO
HeOe3MMeYHo1 PeUYOBHHN, MOKe OyTH BHKOPHUCTAaHHUN [T OpTaHi3aIlil 3aXUCHHUX 3aXOiB, CIPSIMOBAHMNX Ha MiHiIMi3a-
IiF0 HACTIIKIB TEPAKTIB.

Knrouosi crosa: TepakT; XiMidHe 3a0pyIHEHHS; CIIPSDKEHE PiBHSIHHS; YHCEIbHE MOACIIOBAHHS; 3a0py THEHHS
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DEFINITION OF «<SAFETY BOUNDARY» IN CASE OF TERRORIST
ATTACK WITH CHEMICAL AGENTS

Purpose. The work involves the development of a 2D numerical model for calculating the «safety boundary» in
the case of a terrorist attack using a chemical agent. The safety boundary is the boundary behind which the emission
of a dangerous substance in a terrorist act will lead to undesirable consequences at the site of the attack object.
Methodology. To solve this problem, we used an equation conjugated with the equation of mass transfer in the at-
mospheric air of a chemical agent ejected in the case of a terrorist attack. The simulation takes into account the field
of wind speed, atmospheric diffusion, the release intensity of a hazardous substance. For numerical integration of
the modeling conjugated equation, new variables are introduced and an implicit difference splitting scheme is ap-
plied. A feature of the developed numerical model is the ability to quickly assess the position of the safety boundary
near a possible object of attack. Findings. The developed numerical model and computer program can be used for
a scientifically grounded assessment of the safety boundary position near significant objects in the event of possible
terrorist attacks using chemical (biological) agents. The constructed numerical model can be implemented on com-
puters of small and medium power, which makes it possible to widely use it to solve the problems of the considered
class, when developing an emergency response plan. The results of a computational experiment are presented that
allow one to evaluate the possibilities of the proposed method for calculating the position of the safety boundary in
the case of a terrorist attack using a chemical agent. Originality. An effective method for calculating the position of
the safety boundary near the facility, which may be the target of a terrorist attack using a chemically hazardous sub-
stance, is proposed. The method is based on the numerical integration of the equation, which is conjugated to the
equation of mass transfer of chemically hazardous substances in the atmospheric air. Practical value. The proposed
method for calculating the position of the safety boundary near the facility, which may be the target of a terrorist
attack using a chemically hazardous substance, can be used to organize protective measures aimed at minimizing the
consequences of terrorist attacks.

Knoueswie crosa: terrorist attack; chemical pollution; conjugated equation; numerical model; air pollution
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TEPMHUYECKAS OBPABOTKA TBEPJAbIX OTXO/10B,
OBPA30BABHINXCSH HA KEJIE3HOJOPOXXHOM TPAHCIIOPTE

Heanb. Cuctema ynpaBieHHS TBEPIBIME OTXOAaMH B YKpanHe B OCHOBHOM CBOJMTCS K 3aXOPOHEHUIO MX Ha II0-
suroHax. [Ipu 5TOM OTCYTCTBYET KOHTPOJIb HaJl 3arps3HEHUEM OKpPYIKaroLlel Cpelibl, YTO B CBOIO OYEPElb IPUBOIUT
K 9KOJIOTHYECKUM pHcKaM. Ha mpeanpusTsx kene3HoJOpPOoKHOTo TpaHCHopTa o0pa3yercsi 3HauMTeNbHOE KOJIn4e-
CTBO TBEPJBIX OTX0A0B. [103TOMy OCHOBHOH 11€JIbI0 pabOTHI JOIDKHO CTaTh PELICHUE MPOOJIEMbI TUKBUIALUH OTXO-
0B, 00pa30oBaBLIMXCS HA KPYIHBIX JKEJIE3HOJOPOXKHBIX CTAHIHMAX M B Ipolecce OOCIY)XHBaHUS IOE3/I0B.
Metoauka. [Ipeanaraercs ucrnonb3oBaTh MOOMIbHBIE MOABHKHBIE MYCOPOIEpepadaThIBAIOIINE YCTAHOBKH, KOTO-
pBI€ YCTPAHAIOT HETATHBHOE BIMSHHE MPOIECCA HAKOIICHHUS TBEPJABIX IMPOMBIIIIICHHBIX W MOTPEOUTENBCKIX OTXO-
JIOB Ha cpeay oOMTaHUS YeOBEeKa. DTH YCTAHOBKH MOTYT OOCITY)KMBATh ONPENCICHHOE KOINYECTBO MIPOU3BOANTE-
nei orxonoB. JlaHHOE HcCieZOBaHME OBUIO MPOBEAECHO Ha MOOWIBHOM MyCOpOIepepadaThIBAIOMIEM KOMILIEKCE
MIIK-300, pacrmonokeHHOM Ha JKelIe3HOAOPOKHOM Bok3ane XapbkoB—Ilaccaxkmpekuit KOKHOM xKene3HOH AOpOTH.
Pesyabrarsl. Onncana KOHCTPYKIMS M Ha3HaYCHHWE OCHOBHBIX Y3JIOB MYCOpPOINEpepadaThIBAIOIIETO KOMILIEKCA.
30JIBHBII OCTATOK IMOCIIE TEPMUUYECKOTO CKUTAHMS TBEPIBIX OTX0J0B cocTaBisieT 5—10 % oT ux mepBoHAYaNbHOTO
00BeMa M COOTBETCTBYeT Oe3omacHomy IV kiaccy kiaccH(UKAIMOHHOIO KaTajora OTXOJ0B. MHOrOCTyICHUYATAas
TEPMOKATaJIUTUUECKass OYMCTKA OTXOSIIMX Ia30B 00eCHeUMBaeT KOHIIEHTPALMIO BPEIHBIX BEIIECTB, B TOM YHUCIE
JIMOKCHHOBO# TPYIIIBI, B MPeJesax JAOMyCTUMBIX HOpM. J[JIsl MOJTHOTO C)KUI'aHUsSI BCEX KOMIIOHEHTOB OTXO/O0B OblLia
ompenernena temmneparypa B neun 850-900 °C, mpeObiBaHWE [IBIMOBBIX TIa30B B Kamepe JOKUTAHUS MPH
1100-1200 °C — He MeHee ABYX CEeKyH, Kod(duiuueHT u30biTka Bo3ayxa — 1,4. Hayuynass HoBu3HA. ABTOpaMu
BIIEpBBIE OBUIO MPOBEACHO HCCIIEJOBAHHE MAapaMeTPOB CXKMTAHUS OTXOJOB JKEJIE3HOIOPOKHOIO TPAHCIOPTA pas-
JIMYHOTO 3JIEMEHTHOTO cocTaBa. PaccuMTaH CyMMapHBIH TEOPETHUYECKHH 00bEM MPOIYKTOB CrOpPaHUs Ha MOOMIb-
HOM MycoporepepadarsiBatomeM komiiekce. IlpakTuyeckas 3HauuMocTh. [IpruMeHeHre MOOMIBHOTO MycopoIe-
pepalaThIBalOIIero KOMIUIEKCa MO3BOJISIET PEIIUTh MPOOIeMy YTHIM3aLMKN TBEPABIX OBITOBBIX 0TX0J0B. Kak moka-
3aJ1a MpaKTHKa, ero dKCIuTyaTanusi 000CHOBaHA M SIBJISIETCS] HE TOJIBKO SKOHOMHYECKH BBITOJIHOM, HO M 9KOJOTHYe-
cku Oe3omacHoi. Pe3ynbraTel paboOThI TO3BOJISIOT OLEHUTH KOJMYECTBO OTXOISIIHNX TA30B MPH Pa3IndHbIX MOp(O-
JIOTHYECKUX COCTAaBaX OTXOZOB JKEJIE3HOAOPOKHOTO TPAHCIIOPTA.

Kniouegvie cnosa: TBepibie OBITOBBIE OTXO/IbI; MOOMIIBHBIA MycOpOIepepadaThIBatOIINi KOMILIEKC; KeJIe3HO10-
POXHBIN TPAHCIIOPT; OTXOAAIINE ra3bl, CKUI'AHUE; MaTepUaANIbHBIN OaaHC

CTBO JKEJIE3HOJOPOKHBIX BOK3JIOB Ha YKpauHe CO-
Beenenne crapisier 106 exuHUI, a eJIEe3HOMOPOXKHBIX CTaH-
umii — 1447 enunaui. s QyHKIMOHUPOBAHUS 3THX
00BEKTOB HEOOXOIMMO co3naHne 3(h(HeKTHBHON MH-
(dpacTpykTypsl yHOpaBIeHUS OTXOJaMH. TBepaple
obrroBeie otxozpl (TBO), obpasyromuecss Ha KpyT-
HBIX JKENIE3HOJOPOKHBIX CTAHIMSX M TIPH OOCITYKH-
BaHWM ACCAXXMPCKUX IIOE37I0B, TI0 BCEH CTpaHe co-
CTaBJSIIOT 3HAUUTENbHBIE 00beMbl [1]. B HayuHbIX
uccnenoBanusix [9, 12] ommceiBaeTcs  mporecce

Kommniexc opranuzauuii U npeanpusaTuil sxenes-
HOZIOPOXKHOI'O TPaHCIIOpTa Ipe/iHa3Ha4deH Ul o0ec-
neYeHust moTpeOHOCTe OONIEeCTBEHHOTO TPOU3BOI-
CTBa M HACEJIEHUs CTPaHbl B NMEPEBO3KAaX BO BHYT-
PEHHEM U MEXIYHAapOAHOM COOOIIEHUAX W IPEeNo-
CTaBJIEHHsI JPYIMX TPAHCTIIOPTHBIX YCIIyT BCEM IIO-
TpeOutensm Oe3 OrpaHUuYEeHUd 1Mo MpH3HaKaMm (op-
MBI COOCTBEHHOCTH U BHJOB JiesiTelbHOCTH. Kommyue-
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HaKOIUIEHHS! OTXOA0B HAa MPEINPHATUSIX KEIe3HOI0-
PO’KHOTO TpaHCIOpTa MO Pa3HBIM CTpaHaM, HPHBO-
IWTCSL KOJNMYECTBEHHAS OLIEHKA, aHAIW3 M CHUCTeMa
yTpaBJIeHUs] 0TXonamMu. ABTOp [6] pacKpbIBaeT 1071-
TOCPOYHBIE MIEPCIIEKTHUBBI IKCILTyaTalui HeOOMbIINX
MYCOPOC)KUTAIOIINX 3aBOJOB. AHAIU3 IapaMeTpOB
CTOpaHUsSI CMECH OTXOAOB HMACCAKUPCKHUX HOE3I0B U
yras B TpyOuaroii meun [10] mokaspiBaeT BO3MOX-
HOCTB HCTIONB30BaHMS TETUIOBBIX CBOMCTB OTXO/OB.

CymecTtByromas B YKpawHE IMpakTHKa oOpa-
LICHUS] C TBEPABIMU OTXOJAaMH OCHOBaHA MPEUMY-
[IECTBEHHO Ha 3aXOPOHEHHH Ha CBajJKaX WM IIO-
muronax. O0beM OTXOIOB C KaXAbIM T'OIOM yBe-
JMYUBACTCS, a TEPPUTOPHAIBHBIE BO3MOXKHOCTH
JUISL UX YTUIW3AIMH U 1epepabOTKH YMEHBIIAIOT-
csi. [l mocTaBKM OTXOZOB OT MeCT X 00pa3oBa-
HUSL O IYHKTOB YTWIM3alUM HEOOXOAUMO BCE
OoJblIIe BpEeMEHH U CPEJICTB.

3axoponenue ThO Ha monuronax tpedyer pery-
JSIPHOTO OTKPBITUSI HOBBIX IUIOMIAJIOK, KOTOpBIE
JIOJDKHBI PAcIioyiaraThesl BCE Aaiblie OT EHTpa ro-
poaa. 3To MPUBOAUT K JOMOJIHUTEIHLHBIM SKOHOMH-
YECKUM 3aTpaTaM, CBSI3AHHBIM C YBEIMYECHHEM IPO-
Oera MycOpOBO30B, SMHUCCHI B aTMOC(HEpHBIA BO3-
IyX TIPOIYKTOB CrOpPaHUsl aBTOMOOWMJIBHOTO TOTLIH-
Ba, TOTIOJIHUTENILHON 3arpy3KOi U U3HOCOM aBTOZO-
por. B pesynbprate ceOecTOMMOCTh TPaIULMOHHOTO
3aXOpOHEHUs] CTAHOBHUTCSI JOCTATOYHO BBICOKOM,
0COOCHHO ¢ y4eTOM OOJIBIION IO HEOOXOIM-
MBIX TIOJIMTOHOB, BBIBEICHHBIX M3 CENbCKOXO3SH-
CTBEHHOTO 0Oopota MuHUMYM Ha 100 e, a Taxke
BBICOKOW CTOMMOCTBIO MX 00ycTpoiicTBa. B Hacrto-
suiee BpeMsi B YKpauHe COPTUPOBKA U HCIIOIb30Ba-
HHE OTXOJIOB B Ka4€CTBE BTOPUYHOI'O CHIPhSI COCTAB-
nster MenbIe 10 % ot ob1iero roqoBoro oobema.

Cxuranue OTXOJIOB C PEeKymepanueld TeIIoBOi
SHEPTUU SIBIACTCS allbTEPHATUBON 3aXOPOHEHUIO.
B uccnenoBanuu [5] nmpoaHaln3upOBaH SHEPTETH-
yeckuit moteHman ThO B ropoxae Ilorra-I'pocca,
[apana, bpasunus. [ns ananmza Obut cOOpaHBI
00pasipl Ha MyHHLIMOAIBEHOM monurode. CpenHsist
BaJioBasl TEIUIOTBOPHASI CIIOCOOHOCTH COCTABIISIET
19,8 MJK/KT MO CpaBHEHHIO C OTXOJAMH APYTHX
ropojoB Mupa. OntumansHeiid coctaB ThO Cunra-
nypa u3 42 % mnactmaccsl, 41 % OyMaru/kapToHa,
7% Texctiiis 1 10 % camoBOIUECKUX OTXOIIOB
UMEJl  HU3LIYI0  TEIUIOTBOPHYIO  CIOCOOHOCTb
23,7 Mx/kr [13]. DT0 MeHbIIe, Y4eM MHHEpAITbHOE
TOIJIMBO, HO BBIMIOJHSIOTCS TPEOOBaHUS K TOTUIU-
BY, yKa3aHHBIE B €BPOIEHCKHUX CTaHIApTaX.

[IpenmymiecTBa UCNOIB30BAHUS CKUTAHUS IS
00pabOTKH OTXOIOB — 3TO COKpalleHue oObema
OTXOJ0B, BO3MOXHOCTH 00padaThIBaTh T'POMO3II-
KHE OTXObI, OJHOBPEMEHHO yMEHbIIAs X 00BbeM
B 10 pa3 u Oonee. B mporecce cxxuranusi OTX0I0B
YCTPAHSIOTCS OTIaCHBIE CBOMCTBA TOPIOYMX KaHIIE-
pPOTEHOB, TATOTCHHBIX OPTraHW3MOB, TOKCHYHBIX
OpPTaHUYECKUX COEIMHEHUH W OMOJOrMYEeCKH akK-
TUBHBIX BELIECTB. B 3aBUCHMMOCTH OT MOIIHOCTH
MYCOPOCKHTAIONIET0 3aBOJa, 3a CYET IPOU3BOI-
CTBa TEMJIOBOM M AIIEKTPUYECKOH HSHEPTUU BO3-
MOKHO o0ecIieueHHe ONpeesieHHOT0 KOJINYeCTBa
NoTpeOuTeNe TEIUIOM WINM  DISKTPHYECTBOM.
B pabote [8] Ob110 IpOoBeneHO cpaBHeHHE A hek-
TUBHOCTH IpeoOpa3oBaHMs SHEPTUU AJISl pasiiny-
HBIX THUIIOB TEPMHYECKHX MPOLECCOB — CXKHUTAHHE
OTXOJZIOB C pEeKyIepanueil SHeprud, rasudukanms
OTXOJIOB C W3BJICUCHHEM JHEPTHU M IMUPOJIU3 OT-
XOZIOB C W3BIIeYeHHEM dHepruu. McciemoBamuch
TBO ¢ pa3HBIM MOP(OIOTHIECKAM COCTABOM. BBI-
JIO BBISICHEHO, YTO JAOMHHHUPYIOIIUM THIIOM Tep-
MHUYECKOW OOpabOTKH SIBJISIETCS CXKUT'AaHUE, CBS-
3aHHOE C U3BJICYCHHEM SHEPTUH B TAPOBOM IIUKIIE.
B MasoraGapuTHBIX yCTaHOBKaxX 3JIEKTpUYECKas
3G GEKTHBHOCT, OTpaHWYCHA MAacIITaOHBIM 3-
(hexToM m octaetcst Ha ypoBHE 0Koio 20-24 %.

B pa6ote [7] chopmymupoBanbl Kputepun -
(EeKTUBHOCTH PAa0OTBl MYCOPOCKHTAIOIIEH IMedn
Ha TpUMepe BpallalonIelcs: JJIMHA y4dacTKa, TJe
JOCTUTAETCS MaKCUMaJbHas TeMIlepaTypa Trope-
HUS; JUIMHA y9acTKa ¢ MHHUMAaJbHOW TeMIlepaTy-
pol mepes pa3rpy3Koi Lulaka; TemiepaTrypa Ia-
Ka Ha BbIXoAe. BriOpana Oonee »¢dexkTuBHas
KOH(UTypanust 0 BCeM KpUTEpUsAM (co BCTped-
HBIM JIBIDKCHHEM OTXOJIOB H Ta3a).

AHamM3 3KOJIOTUYECKOr0 BO3ACUCTBHS yCTaHO-
BOK II0 CXKHI'aHUIO OTXOJOB B IIPOIIECCE MX DKC-
IIyaTallii BBIIONHSICS B pabotax [3, 4]. s
9TOro OBLIN MOJIPOOHO WM3yUYEHBI pa3IH4YHBIE yCTa-
HOBKM JUI COKUTaHMS, Kak HEJaBHO CO3/aHHbBIC,
TaK M DKCIUTyaTHpPyeMbIe MOCIIEHEE JECITUIICTHE.
Hcnonb3oBaHre COBPEMEHHBIX CHUCTEM OYHCTKHU
BBIOPOCOB JIOKA3BIBAIOT CBOIO 3((EKTUBHOCTD IS
0OpBOEI ¢ 3arps3HEHUEM BO3/IyXa.

Hean

OCHOBHOH TEeNbI0 PaOOTHI SIBISIETCS PEIIeHNE
poOJIeMbl JIMKBUAALMKA OTXOJIOB, 00Pa30BaBIINXCS
Ha KPYIHBIX KEJIE3HOAOPOKHBIX CTAHIHUAX U B IIPO-
recce o0CITyKMBaHUS MOe30B. Takxke mpexnonara-
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€TCS TIPOBECTH MCCIICIOBAHUE MPOAYKTOB CrOpPaHUS
TBO, cocrosimux W3 OYMaKHBIX W TUIACTUKOBBIX
KOMIIOHEHTOB, Ha MOOMIIBHOM Mycopoliepepadarbi-
BaroreM Komiurekce. OTXombl cOOMpaIiCh Ha 00b-
eKTax KeJIe3HOJOPO’KHOTO TPaHCIOPTa.

MeTtoauka

[Ipennaraercst wcmonb30BaTh MOOWIBHBIE TIO-
JBIDKHBIE MycOpomnepepadaThiBalonIfe yCTaHOBKHY,
KOTOpBIE YCTpaHSIOT HEraTUBHOE BIUSHHUE TMPO-
Iecca HAKOIDIGHWS TBEPABIX MPOMBIIUICHHBIX
U MOTPEOUTENHCKUX OTXOJOB Ha Cpelly OOMTaHHs
yenoBeka. MccienoBanue ObIIIO MPOBEACHO HA O
HOM W3 TaKWX YCTaHOBOK, DKCIUTyaTHPYEMBIX Ha
FO>xHOM xene3Hou nopore.

Jlyis mpoBeieHus uccieoBanus ObUIO COOpaHo
HECKOJIbKO KOMITOHEHTOB OTXOJ[OB, YCIIOBHO pa3-
JIEJICHHBIX Ha JIB€ OCHOBHBIE TPYyNIBI. Oymara
u miactuk. K mepBoit rpymme oTHOCATCS OTXO[BI,
B COCTaB KOTOPBIX BXOIWUT JIpPEBECHHA, KapTOH,
Oymara, OmaBIINe JIUCThS (CE30HHO) U T. oJ. BTo-
pas Trpynma COJAEPKUT OTXOJbl, COCTOALINE U3
IIJTaCTUKa B BHJC 06pI)IBKOB MOJIUATUIICHOBOM
IJIEHKH, OJHOPa30BOM mocyAbl U T. I. MyHuULU-
MajgbHBIE OTXOABl OYEHb CIOXHBI M TPYIHBI
B OCBOGHHHU H3-3a HEOJHOPOAHOCTH HX COCTaBa,
MOTYT COJIEP)KaTh NECATKH Pa3IUYHBIX BEIIECTB.
Ha coctaB 0TX0/M0B BiMseT HECKONBKO (DAKTOPOB,
a WMEHHO: BpeMs roja, KIMMaT, o0pa3 >XU3HH
HaCEJICHUs, JIeMOTpapUUeCKUil ToKa3aTellb U JICH-
CTBYyIOIIIEE 3aKOHOAATENhCTBO. HesaBucumo oT

MecTa 00pa3oBaHMS M Pa3sHOOOpa3us KOMIIOHEH-
opraHuye-

ToB, TBO COCTOST M3 TaKWX 4YaCTCH:

CKOM, HEOpraHM4Yeckoil W Qusnveckoil (BOIbI).
BnaxxHOCTh OTXO/I0B, B 3aBUCUMOCTH OT YCJIOBHUI
obpaszoBaHms, cOopa W XpaHCHUS, MOXKET H3Me-
HATbes OT 5 1o 60 %. Opranudeckasi 4acTh OTXO-
JIOB — 3TO aJbTEPHATHBHOE TOILUIMBO, KOTOPOE CO-
croutr Ha 31-52 % wu3 yrmepoma, 16-40% — u3
KHCJIOPOJIa ¥ APYTHX COSMUHCHUH.

3Hass MOp(QONOTHUECKUI COCTaB OTXOHAOB,
MOKHO pacCcyuTaThb HMX TEIJIOTBOPHYIO CIOCO0-
HOCTB, PacxoJi BO3/JyXa BO BpeMs TOPEHHS, KOJIU-
YECTBCHHBIM W Ka4eCTBEHHBINA COCTAB OTXOJSIIMX
ra3oB U aquadaTHIeCKyI0 TeMIepaTypy TopeHHsl.

Pe3yabTarbl

Ha xene3sHomopoxHOM BoOk3ane XapbKOB—
[Maccaxxupckuii BBeJIeH B AKCILIyaTal[MI0 MOOWIIb-
HBII ~ MycopomepepadaThIBAIONINN  KOMILIEKC
MIIK-300 mns mepepa®OTKU OTXOIOB MPHUOBIBAFO-
LIMX Ha BOK3aJ] MOE37I0B U MOJpa3/eieHni BOK3a-
na. Ilocne BBo#a 3TOro KOMIUIEKCa B SKCIUTyaTa-
LUIO CIY’OBI BOK3aJIa OTKAa3aJIUCh OT HAKOIUICHUS
Y BBIBO3a MOCTYMAIOUIUX OTXOJOB Ha IOJMIOH.
Kak moxa3zana nmpakTuka, Takhue MEpOIPHUITHS OKa-
3aJIMCh LIEIMKOM OOOCHOBaHHBIMU U SIBIISIOTCS HE
TOJIBKO 9KOHOMHYECKH BBITOAHBIMH, HO U 3KOJO-
rudecku OesomacHeiMH. Ha puc. 1 mpencrarieH
obmmit Bun kxomrmuiekca MIIK-300 mpowsBonu-
tenpbHOCTREIO 300 Kr/gac, pa3MemeHHOro Ha XKe-
ne3HoZopokHOM 1ardopme. OH TpeHAa3HAYECH
JUTSL IpUeMa, COPTUPOBKH U TEPMOKATAIUTHYECKO-
IO CKUTaHUsI TBEPIBIX U KUIKHX OTXOJOB.

Kommiekc cocTout U3 oTneseHusi COPTUPOBKH
¢ otbopom Kommepueckoli yactu THO.

Puc. 1. O6muit Bua MOOMIBHOTO MycoporepepadarrbiBaroniero kommiekca MITK-300

Fig. 1. General view of mobile waste-processing complex WPC-300
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[IpuemHO-cOpTHpOBOUHAs JMHMS TpEIHA3HA-
yena ans npuema ThO, mo3upoBaHHO#M mojgayu Ha
COPTHPOBKY, OTOOpa CTEKIa, MeTajyla U MOAAYH
ocratkoB TBO Ha TepMmuuyeckoe YHHYTOXKCHHE.
OtneneHne TEPMOXHUMHUYECKOTO 00E3BPEKUBAHUS
OTXOJI0B COCTOHUT W3 MHOTOCTYIIEHYaTONH CHUCTEMBI
ra3004MCTKH, KOTOPas MO3BOJSET CHU3UTh KOH-
LEHTPAallMi BPEAHBIX BEIIECTB O HOPMAaTHBOB,
neiictByronux B crpaHax Espomeiickoro Coroza
U YKpauHbl.

TexHOMOTHSI TEPMOXUMHYECKOTO 00€3BPEIKH-
Banus ThO, peanu3oBaHHas B COCTaBE KOMILIEKCA,
BKJIFOUAET Psifl MOCIEA0BATENBHBIX ONEPALHNI:

— Oe3nmpiMHAsA 3arpy3ka TbO B TomouHyro Ka-
Mepy MeYH;

— cxkuraane ThO B pabodem mpocTpaHCTBE
[eY¥ U TEPMHUYECKOE OKHCIEHHE MPOAYKTOB Cro-
paHus;

— JOXUI'aHUC TSKCIIBIX YIJIEBOAOPOAOB U OK-
CHUJa yriepoJa NPOUCXOIUT B KaMepe TOKUTAHHUS;

— 00e3BpeKMBAaHNE BBICOKOTOKCHYHBIX Opra-
HUYCCKHUX BCHICCTB NPOAYKTOB CrOpaHus, BKIIOYasd
OeH3MUpeH, TUOKCUHBI, (ypaHbl U Jp., MPOUCXO-
IUT B IBYX IMOCJIEJOBATEIbHO YCTAHOBICHHBIX Ka-
TaJUTUYECKUX PEAKTOPAX;

— MPEeOYUCTKA JABIMOBBIX I'a30B B IIEHTPOOEK-
HO-BUXPEBOM IBUICYJIOBUTEIE;

— OYHMCTKAa MPORYKTOB CrOpaHHUsl OT KHCIBIX
HEOPraHWYECKUX COCOUHEHHN B OTBOAMMBIX Ta3ax
MIPOM3BOAUTCA 3a CYET MOJadd B Ta300TBOASAIIUN
TpakT 10-IpOLIEHTHOTO LIETOYHOTO PacTBOPA;

— OCaXXAEHUE B TKaHEBOM (MIbTPE MEXaHUYe-
CKHX 3arpsA3HEHUH, BKIIOYas COECIUHEHMS TsDKe-
JIBIX METAJUIOB M OCTATOYHOE KOJIMYECTBO CaXH;

— YJaBJIMBaHUE COCIUHEHHMH TSDKEIBIX MeTall-
JIOB OCYHIECTBIISIETCSI IIyTeM aJcOpOMpOBaHUS UX
B yIJIETKaHEBOM (pHUIIBTpE;

— TPAHCIOPTHPOBKA JBIMOBBIX Ia30B IO Ta30-
OTBOZAIIEMY TPAKTy BBINOJHAETCS ABIMOCOCHON
YCTaHOBKOM.

Kommnekcsl Takoro tuma o0ecnednBaroT CoO-
OJI0ZeHNE HKOJIOTMYECKUX HOPMAaTHBOB IPH Mak-
CUMAaJIbHOM HCIIOJIb30BAHUU CBHIPBEBOM U 3HEpre-
THueckoi neHHoctd ThO ¢ MUHUMAaIBHBIMU TMPH-
BEJCHHBIMHU 3aTpaTaMHM, COKpAIAIOT pacxXondbl Ha
YTUIN3ALUI0, Harpy3Ky Ha monuronsl Ha 90 % u
CHIKAIOT OIACHOCTh OTX010B 1o IV kitacca onac-
HoctH [11]. TexHu4eckne XapakTEPUCTHKU KOM-
IUIeKca MpUBeIeHb! B Tao. 1.

Tabnuna 1

TexHHYecKHE XaPAKTEPUCTHKHN YCTAHOBKH MO C)KUTAHUIO OTXO010B
NpeINpUATHIl KeJIe3HOTOPOKHOTO TPAHCHOPTA

Table 1

Technical characteristics of the waste incineration plant of railway transport enterprises

HaumMeHnoBanue rmokasaress 3HaueHue
[Tpon3BOIUTENEHOCT KOMILIEKCA, KI/4ac 300
KomngecTBo 0TOMpaeMoOro BTOPCHIPHS, KT/4ac 100
B TOM YHCIIE:
— mwiactuk u [19T-Tapa; 25
— CTEKIIO; 20
— OyMmara, KapToH; 45
— YEpHBIHA U IBETHOW METaLI. 10
KonmuecTBO 0TX0/10B, MO/1aBa€MBIX Ha TEPMOKATAIMTHYECKOE 00€3BpeKUBaHNE, KI/dac 200
OOmmas ycTaHOBJIEHHAs! MOIITHOCTB 3JIEKTPOIPHBOIOB KOMILIEKca, KBT 90
OGbeM JILIMOBBIX Ia30B, COpackIBaEMBIX B arMoc(epy, M%/uac, He Gosee 5000
KoHneHTpanus IbUIM B ABIMOBBIX I'a3aX HA BBIXOJE, MI/HM®, He Golee 100
KoHneHTpaiys 3arps3HsI0MyX BEIEeCTB B IPU3EMHOM CIloe, paboyel IIIoImaake, 10IH 0,1
ITJIK, He Gonee
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TBO cxurawTcs B KaMEpHON Te4d MPEACTaB-
neHHoi ycraHoBku. [leus dyrepoBaHa u 06opy0-
BaHa KEKIMOHHON (POPCYHKOH W MOIBOIIOM TOPSI-
YUX JYTBEBBIX Ta30B B TMOJKOJIOCHHUKOBOE TIPO-
CTpaHCTBO U Ha (opcyHKy. Temneparypa B Kamepe
CKATaHUS MOIAep)KuBacTes B mpeaeiax 850-1000
°C. 3arpy3049HOe yCTPOWCTBO MEPHOANIECKH MOa-
et ThO Ha KOJIOCHUKOBYIO PEIIECTKY, MO/ KOTOPYIO
JUIE OOCCTICUCHUSI TOPEHUS IOJIBOJUTCS TOPSUUIA
BO3AyX U3 pekymneparopa. Ilocnme mocTikeHus pa-
Ooueit Temneparypsl B nieunt (okoso 900 °C), yro
00eCIeUnBaeT CKUTAaHHE OPTaHUYCCKUX COCIUHE-
HUH, M0/lada TOIUTMBA B TOPENKY MPEKpaIiaercs, u
MIPOTIECC CIKUTAHUSI OCYIIIECTBIISETCS TOJBKO 32 CYET
tera ropeans ThO. Bexoasiue w3 meyd rasbl
TocJie KaMephl JIOKUTaHUs TPOXOAST CKBO3b PEKy-
MIepaTop W TMOJOTPEBAIOT B HEM BO3AYX MJISI TOpe-
HUs, KOTOpBIﬁ Haru€TacTcCs B II€Yb BEHTUIIATOPOM.

BecoMoili XxapaKTEpUCTUKONW OTXOJOB SIBISETCS
WX TeIioTBOpHast crocobHoctb. ThO MoxHO OT-
HECTH K HHU3KOKalopuitHomy ToruiuBy. Ecim pac-
CMaTpHUBaTh OTACIBHBIE COCTABIISIIONINE OTXOIOB,
TO TEIJIOTa CTOPaHUs TUIACTMACCHI MOXET COCTaB-
a1k 43,7 MJx/kr. TemmoBass IEHHOCTh OTXOHOB
MPSIMO TIPOTIOPITMOHANIBHA COJNCPIKAHUIO YTIIepoaa
B OTXOJaX M OOpaTHO MPOMOPIIMOHAIBHA 30JIEHO-
CTH W COJIEPXKaHWIO BIAard. TemIoTBOPHYIO CIIO-
COOHOCTh OTXOJOB TPAJUIMOHHO PACCYUTHIBAIOT
o AMIupudeckoit hopmyiie MeHieneena:

Qf' =4,18-(81C, +300H , —26(0, —S,) -
-6(9H, +W,)), (1)

rae QE — Hu3mad Temtora cropanus ThO Ha pa-
0ouyto maccy, kJDk/kr; Cp — oOliee comepixkaHue
yraepoaa, mac. %; Hp — obmiee conepxaHnue BOJ0-
pona, mac. %; Op — oOriee comep:kaHue KHCIOPO-
na, mac. %; Sp — oOimiee couepKaHHE CEpbl,
mac. %; Wp — o011as Bnaxxaocts, Mac. %.

Bricmas Ternora cropanust ThO moxer ObITh
paccuuTaHa 1o gopmyie:

QF =Qf +25(9H, +W,). (2)

B mpomecce cxuranums OTXOIAOB MOOWIBHBIH
MycoponepepadaThBaONINil KOMIUIEKC BBIAENISET
TEIUI0, KOTOPOE MCTIONIB3YETCS AJIs MOACYIINBAHUS
TBO c BbIicokol BiaxkHocThlO. Hampumep, npu
MOJICYIINBAaHNH OyMa)KHOH COCTaBISIONIEH OTXO-
10B ¢ 60 1o 25 % Hu3mas TEeII0Ta CrOpaHus THX

KOMIIOHEHTOB TOBBIIIaeTcs ¢ 6 476,832 kJK/Kr 10
12 426,48 xJlx/xr. Cuctema MOACYIIKU TO3BOJISET
MOBBICHTh TEIUIOTY CTOpPaHHs TOIUIMBA M yMEHbB-
[IMTh TI01a4y JOMOJHUTEIHHOTO TOIJIMBA HA IMOJI-
JICpyKaHUE TOPCHMSL.

OneMmeHTHBIN coctaB TBO ompenmensercs, uc-
XOIIS U3 €ro MOP(OIOTHIECKOTO COCTaBa, 1Mo ¢Gop-
MyJIaM:

CPaym =Cpy - 1 +Cpy - Iy +...+Cppyy - 1 s 3
+HPp o (4)
+0py,  1pns (5)

+ NPy, 1o 5 (6)

SPsum =SPy - 13 +Sp, Iy +.. 4+ 8Py - 1 s @)

Hpgm =Hp, - 1, +Hp, - 1, +...
OPym =0p; - 1; +0p, - I +...

NPgm = Np; - I, +Np, - 1, +...

rne Cp,, Cp,, ... Cp, — conepxaHue yriepona B
kaxaoMm komnonedte ThO, % (armamoru4Ho u 1o
apyrum snemenrtam); |y, 1,, 15 ... |, — gomm coor-

BETCTBYIOIIUX KOMIIOHEHTOB B 001eii macce ThO,
CyMMa KOTOpBIX paBHa l; p — ykazaTens pabodeit
maccel TBO; N — mopsiAKOBBIM HOMEp KOMITOHEHTa
[2].

ConeprkaHre Biard B pabodeil Macce KaxKIIoro
KOMIIOHEHTa OTX0/ia ompeaensercs 1o Gopmye:

WP =Wp, - I, +Wp, - 1y +.. W - 1y (8)

Conepxkanue 30J61 B paboueit Macce KaKIoro
KOMIIOHEHTa OTXO0/Ia MOXKHO ONpPeNeNuTh 1o (Hop-
MyJIe:

APy = AP 1+ ARy - 1y o+ Ay - L, 9
rae Ap — conaep:kaHue 30Jbl, %.

HeoOxoaumo oTMeTUTH, Bilara CHIDKAeT Kade-
CTBO TOIUIMBA, & UIMEHHO YMEHBIIAET TEIUIOTY €ro
CropaHus W 3aTpyIHSET BOCIUIAMEHEHHE. 3oja
TaK)Ke CHWKAeT KauyecTBO TOIUIMBA U MPEMATCTBYET
MOJTHOMY €0 CTOpaHHIo, 00pa3ysl Ha MOBEPXHOCTH
HECTOPEBIIMX YaCTeW OTXOAO0B BO3IYyXOHEIPOHH-
LAEMBIH CIIOM.

Paznmuyaror Teopermueckyio (KaJopuMeTpude-
CKyl0) ¥ TIPaKTHYECKyl (IeMCTBUTENBHYIO)
TeMIEepaTypsl TOpeHHs 0TXo10B. Kanopumerpuye-
CKasg TeMIlepaTrypa — 3TO TeMIlepaTypa, KOTOPYIO
MIPHOOPETAIOT MPOMYKTHI CTOPAaHUS TPU YCIOBHH,
YTO BCsI TEIJIOTA, BBIACIEHHAs IPU MOJHOM Cropa-
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HUU €IMHUIB] TOIJIMBA, MOIIJIa HAa HarpeB TOJIBKO
MPOAYKTOB cropanus. Ee ompenenstor U3 ypaBHe-

p
QH + IT + Ieo3()

HUSl TEIJIOBOTO OallaHca, B HalleM clydae OHa
paBHa, °C:

1:kal
rae Q,g — HHU3MaA TEIUIOTa CropaHud pa6oqel71
MacCChbl OTXOO0B, CROZ , CN2 !CHQO y nga — YACJIbHBIC
TCIUIOEMKOCTH IIPOAYKTOB CropaHHsda, COOTBET-

CTBEHHO JIByXaTOMHBIX Ta30B, a30Ta, BOJbI U BO3-
nyxa, k/Dx/(kr-K); | — sHTamemms ToOIUIMBa,

kJIK/Kr, paccunteiBaercs mo gopmyne: I =c; -t;;
|

etcs o ¢popmye: |

— HTAJIBIMS BO3AyXa, KJ[K/KT, paccunThIBa-

t

6030

6030

- o . . .
6030 _V6030 a C803()

V. =0,088Cp,,, +0,265Hp,,, +0,033Sp,,, —0,0330p,,, .

Teoperuueckuii 00BeM a30Ta pPacCUUTHIBAIICS
o popmye, M3/kr:

Vi, =079V,

6030 !

(13)

Teopetnuecknuii 00bEM TPEXaTOMHBIX Ta30B,
M3/KT:

Vro, =1,866Cpy,, /100, (14)
Teopetnueckuit 06beM BOASHOIO Tapa, M/KT:

Vi, =0111Hp,,, +0,0124Ap,,, +0,0161V,, .(15)

CyMMapHBIi TEOPETHUECKUI 00BEM MPOTYKTOB
cropanms, M/Kr

= o o o [¢]
Vro, *Cro, VN, “Cn, +Viio "Cro + (0 =1V, -C

(10)

6030
JeiicTBurenpHas Temnepatypa cropanus, °C:

Qrom.soc
ty =t ( 100 )1-0),
T€ Qnomeoc — KOIDDUIMEHT, YUUTHIBAOIIUN TTOTE-
PH B OKpy’Karoliyto cpeny, %; ¢ — Ko3QQHUIUeHT,
KOTOPBIA YUUTHIBAET MPIMYIO oTAady (Koadduiu-
SHT JIOJIEBOTO M3JTyueHus ra3on), paseH 0,15.
KomnvecTtBo  Teopermdeckn  HEOOXOJUMOTO
BO3/yXa IS TTOJTHOTO CropaHus 1 KT OTXOMOB pac-
CUHTHIBAIIOCH IO (POPMYIIE:

(11)

(12)

(16)

2as3oe6

\Y) =VN2 +VRO2 +VH20.

[TosryuenHsle pe3yibTaThl pacuera TeopeTHde-
CKOro 00beMa MPOAYKTOB CrOpaHHs MPHUBEICHHI B
tabn. 2. [IpoBeneHHBIE MCCIEAOBaHUS MOKAa3bIBA-
10T, uTo THO maccaxupckux Moe30B U BOK3ala B
OCHOBHOM COCTOSIT W3 OyMard W IJIacTHKA, OIS
colepkaHusl cepbl B 3THX oTxonax Mmensiue 0,01.
OJIEMEHTHBIM COCTaB MEPBOM TPYIIBI OTXOAOB,
coJiepKalllux JpeBEeCHHY, KapToH, Oymary, omas-
e JucTha (ce30HHO): 44 % yraepona, 6,2 % Bo-
nopoaa, 49,4 % xucnopoaa.

Tabnuma 2
Pe3yabTaThl pacyera TeopeTH4eCcKOro 00beMa NpoayKTOB CrOpaHUs
Table 2
The results of calculating the theoretical volume of combustion products
TeopeTuuecKue oGbeMbl, CooTHoleHne goel KapToHa U MIacTuKa
m/xr 0,5/0,5 0,6/0,4 0,7/0,3

V° Bo3nyxa 6,65 5,81 4,96
V° RO; 1,01 0,91 0,80
V° H,0 1,334 1,26 1,18
V° azora 5,26 4,59 3,92
V° razos 7,60 6,75 5,91
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Q'L" cocTaBiseTr 16 572’82 KI[)I(/KF npu HyJie- THUKa, €TI0 SKCIUTyaTalusa 000CHOBAHA M SIBIISETCS
HC TOJIBKO 3KOHOMHYCCKHU BI)II‘OI[HOI\/'I, HO M 3KOJIO-

rudeckn OezomacHOi. Pe3ymbTaTtel paboTHI MO3BO-
JISIFOT OLIEHUTH KOJMYECTBO OTXOMSIINX Ta30B IPH
Pa3NUYHBIX MOP(OIOTHUECKHX COCTaBaX OTXOAOB
KEJIe3HOJOPO’KHOTO TPAHCIOPTA.

BOU BJIIAXKHOCTH.

DJIEeMEHTHBIM COCTaB BTOPOU TPYIIBI OTXO0B
W3 IUIaCTHKAa B BHJE OOPBIBKOB IONHMITHICHOBON
TJICHKH, OJTHOPA30BOM MOCYABI M MPOYHX HOJIHME-
poB — 310 84 % yrnepona, 14 % Bogopona u 2 %

KHCIIOpOJa.
H . BriBoabl
Qp cocraBisier 43932 x/DK/Kr npu HyleBoOi

Cxuranue MYHUIHNAIBHBIX OTXOJOB JOJKHO
OTBEYATH CIIETYIOLINM KPUTEPHUSIM:

1. Temnepatypa ropeHusi B ra3oBor (paze — He
meHee 850 °C. Bpems mpeObIBaHHS IBIMOBBIX TIa-
30B B 30HE TOPCHUS HE MCHEE JIBYX CEKYH/I.

2. Koadpdumuent nzbpiTka Bo3ayxa — 1,4, 9ro
o0ecrneynT MUHHMH3ALHUI0 KOPPO3UH U MOJHOE
cropanne. CopepkaHue YrapHoro rasa B TOIOY-
HOM SIBJISIETCSl KJIFOUEBBIM IOKa3aTeleM KadecTBa
CTOpaHMUSL.

ABTOpaMH BIEPBBIC ObLIO MPOBEACHO HCCIIE- 3. IpIMOBBIE Ta3bl, POU3BOJUMBIE B MYyCOpO-
NOBaHHC TIAPAMCTPOB CHKUTAHMS OTXOMOB KCIIC3-  ckuralolUX Iedyax, JO/DKHBI 00pabdaThIBaThCA C

HOZIOPOKHOTO TPAHCIIOPTA PA3TUIHOTO COCTABA.  [oMOIIBIO BBICOKOI((HEKTUBHOM CHUCTEMBI OYUCT-
Paccuntan cyMMmapHbIi TEOPETHYECKMH OOBEM Ky ABLIMOBBIX TA30B.

MPOAYKTOB CrOpPaHUs HAa MOOMIBHOM Mycoporiepe-
pabaTbiBatoimeM Komiuiekce. Kak mokasana mpak-

BJIQ)KHOCTH.

Takum 00pa3om, cuCTeMa UCIIOJIL30BaHUSI TEIl-
J1a TBIMOBBIX T'a30B, 00Pa3yIOIIUXCS MOCE CHKHMIra-
HHUS OTXOJOB JIJIS TTOACYIITUBAHUS TIepe Mmoaaducii B
reyb, UMeeT OOJBIIOE 3HAYEHUE MJI1 3KOHOMUH
JIOTOJIHHATEILHOTO TOIIMBA.
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TEPMIYHA OBPOBKA TBEP/IUX BIIXOAIB, IO YTBOPIOIOTHCA
HA 3AJIIBHUYHOMY TPAHCIHOPTI

Merta. Cucrema ynpaBiliHHS TBEPAUMH BiIXoJaMH B YKpaiHi B OCHOBHOMY 3BOAMTHCS 110 3aXOPOHEHHS iX Ha
nosmiroHi. [Ipy oMy BiZicyTHiIT KOHTPOIB 3a 3a0pyJHEHHSIM HaBKOJIMIIHBOTO CEPEJOBHINA, III0 B CBOIO Yepry MpH-
3BOJIUTH JIO €KOJIOTIYHMX pu3MKiB. Ha miampueMcTBax 3ai3HUYHOTO TPAHCIOPTY YTBOPIOETHCS 3HauHa KUIBKICTh
TBEpIUX BiIXoAiB. TOMy OCHOBHOIO METOIO pOOOTH Ma€ CTaTH BHUPIMICHHS MPOOIEMH JTiKBiaIlil BIAXOIIB, IO YTBO-
pHIIMCSL HA BEIMKUX 3aJli3HUYHUX CTaHIIAX Ta B Hporeci oOcayroByBaHHs moizniB. Meroanka. [Ipononyerbes BU-
KOPUCTOBYBAaTH MOOUIBHI PYXJIMBI CMITTENEPEpPOOH] YCTaHOBKH, SIKi YCYBalOTh HEraTHBHUII BIUIMB NPOLECY HAKO-
MUYEHHS TBEPAMX MPOMHUCIOBUX 1 CIIOKMBYMX BIIXOJIB Ha CEpPe/IOBUILE MIPOKUBAHH JI0UHU. LI ycTaHOBKH MO-
KYTb 00CIyroByBaTH NeBHY KUIbKICTh BUPOOHUKIB Bifxo/iB. JlaHe mocmipkeHHs OyJ10 MpoOBEIeHO Ha MOOITBHOMY
cmitrenepepobHomy kommiekci MITK-300, po3raimoBaHOMy Ha 3alli3HUYHOMY BOK3aii XapkiB—Ilacaxupcbkuit
[MiBnennoi 3anmizHuni. Pesyabrarn. Onucana KOHCTPYKIiS W NMPU3HAUYEHHS OCHOBHHUX BY3JB CMITTENEpepoOHOTo
KOMIUIEKCY. 30JIbHUH 3aJIMIIOK MICIsl TEPMIYHOTO CIIAIIOBaHHS TBEpAUX BiaxoaiB craHoBuTh 5—10 % Bij ix mouat-
KoBoro 00’eMy i BinmoBinae Oesneunomy [V kiacy kiracugikariifHOro katamory BigxomiB. bararocrymenese TepmMo-
KaTaJiTHYHE OYHIICHHS Ta3iB, 0 BiIXOAATH, 3a0e3Medye KOHIEHTPAIFO MIKiIJIMBUX PEYOBHH, B TOMY YHCII JTIOK-
CHHOBOI TPYIH, B MEXax JIOITyCTUMHUX HOPM. J[JIs TOBHOTO CIIamiOBaHHS BCiX KOMITIOHEHTIB BIAX0OAiB Oyiia BU3HAUE-
Ha temreparypa B niedi 850-900 °C, nepeOyBaHHS TUMOBHUX Ta3iB y kamepi gonamoBanHs mpu 1100-1200 °C — e
MEHIIIE ABOX CeKYHJ, KoedilieHT HaamumKy nositps — 1,4. HaykoBa HoBH3HA. ABTOpaMH BIEpIe Oyio mpoBene-
HO JOCITI/DKEHHS TapaMeTPiB CMATIOBAHHS BIIXOIB 3aJI3HUYHOTO TPAHCIIOPTY Pi3HOTO €IEMEHTHOrO CKiaay. Po3-
paxoBaHMH CyMapHHH TEOPETHYHHH 00’€M MPOIYKTIB 3rOPSHHSA HAa MOOLTBHOMY CMITTENEpepoOHOMY KOMIUIEKCI.
IMpakTHyHa 3HA4YUMIicTh. 3aCTOCYBaHHS MOOIUTLHOTO CMITTEMEPEPOOHOTO KOMIUIEKCY TO3BOJISIE BUPIIIUTH TMPO-
6nmeMy yTwiizamii TBepANX NOOYTOBHX BigxoniB. SIK MOKa3ajia MpakTHKa, HOro eKCIuTyaTallisi oOrpyHTOBaHa Ta € HE
TUTbKM €KOHOMIYHO BWTIJHOIO, a2 W €KOJIOTIYHO Oe3medHoro. Pe3ynbratu poOOTH TO3BOJIAIOTH OIIHUTH KiJIbKiCTh
rasiB, 0 BiAXOIATH, IPH PI3HUX MOP(HOJIOTIYHMX CKIa1aX BiXO/iB 3aMi3HUYHOTO TPAHCIIOPTY.

Kniouosi cnosa: TBepi moOyTOBI BiJIX0/H; MOOUIBHUM CMITTENEPEpOOHUIT KOMIUIEKC; 3aIi3HUYHUM TPaHCIIOPT;
BIJIX1/THI Ta3u; CHATIOBAHHS, MaTepialbHUI OataHC
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THERMAL TREATMENT OF SOLID WASTE GENERATED BY RAIL-
WAY TRANSPORT

Purpose. The solid waste management system in Ukraine consists from the land disposal of waste. In this case,
there is no control over environmental pollution, which in turn leads to environmental risks. A considerable amount
of solid waste is formed at the railway transport enterprises. The solution of the problem of the elimination of wastes
generated at large railway stations and in the process of servicing trains, namely directly at the place of their for-
mation, is considered in this work. Methodology. The authors propose to use mobile waste processing plants, which
eliminate the negative impact of the process of accumulation of solid industrial and municipal waste on the human
habitat; while they can serve a certain number of waste producers. The study was conducted on a waste processing
plant (WPP-300) located in Kharkiv on the Southern Railway. Findings. The design and purpose of the main units
of waste processing plant are described. The bottom ash after incineration of solid waste accounts for 5-10 % of the
initial volume of waste and corresponds to the safe 1Vth class of the waste classification catalog. Multi-stage thermal
catalytic cleaning of waste gases provides concentration of harmful substances, including dioxin group within the
limits of permissible norms. For complete combustion of all components of the waste, the temperature in the furnace
was 850-900 °C, the presence of flue gases in the afterburner at 1100-1200 °C for at least two seconds, the defined
excess air 1.4. Originality. The authors for the first time conducted a study of the parameters of incineration of var-
ious elemental wastes. We calculated the total theoretical volume of combustion products on a mobile waste-
processing complex. Practical value. The use of a mobile incineration plant allows solving the problem of solid
domestic waste disposal. As shown by the practice of its operation, such measures are justified and are not only eco-
nomically viable, but also environmentally friendly. The results of the work allow estimating the amount of waste
gases at various morphological compositions of the waste of the railway transport.

Keywords: municipal solid waste; mobile waste recycling complex; railway transport; waste gases; incineration;
material balance
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ASSESMENT OF THE RAILWAY INFLUENCE ON THE HEAVY METAL
ACCUMULATION IN SOIL

Purpose. The scientific paper aims at analyzing the current state of the railway infrastructure soil contamination
with heavy metals (HM), namely, the three stations of Prydniprovska railway: Kamianske-Pasazhyrske, Za-
porizhzhia-Kamianske and Trytuzna. Methodology. The research object is the soil of the above mentioned railway
stations, the research subject is the total content of HM. Sampling was carried out every 15 m between and outside
both rails up to the end of railway ties. The total area of the investigated sites is 600 m2. The total form of Fe, Pb, Zn,
Cu, Ni, Cd and Mn concentration was determined by the atomic absorption spectrometry method. The obtained data
were compared with the background concentration of HM for Dnipropetrovsk oblast and the results of analyzing the
reference control located at a distance of 250 m from the railway stations. Findings. It is found out that rail transport
is a source of HM emission into soil. The findings indicate that the soil state of the Kamianske-Pasazhyrske station
corresponds to a low ecological risk and a low degree of pollution, since the station is a passenger one only and pollu-
tion occurs mostly due to the friction of wheels and rails and that of the pantograph and overhead system, as well as
the pesticide use. The soil contamination of the Zaporizhzhia-Kamianske station is characterized by a considerable
potential environmental risk and a very high degree of pollution. This station is a cargo-passenger one, and this pollu-
tion level is mainly due to loading and unloading processes. The soil of the Trytuzna station is characterized by an
average potential ecological risk and a moderate degree of pollution. Although this station is mainly used for the
freight trains reformation, but due to the transportation of large volumes of bulk ore cargoes HM fall into soil.
Besides, the station is not electrified. Recommendations for assessment of the soil pollution levels are given.
Originality. For the first time the potential ecological risk of soil contamination was determined on the basis of the
physical and chemical analysis of the HM content in the soil of the above-mentioned stations. Practical value. The
results of the study can be used as a justification of the reasonability of introducing the environmental monitoring
programs for the railway land, the environmental protection measures for the soil treatment from HM, correcting the
railway exclusion zone, as well as protection of adjacent territories from the propagation and accumulation of the
mentioned pollutants. The necessity and urgency of the constant control of the HM content in the railway soil and the
relevance of the research continuation in this scientific direction are confirmed on the basis of the received data.

Keywords: heavy metals; railway transport; soil, railway stations, potential environmental risk

Introduction HM concentration in soil samples taken in the
space between rails may exceed the benchmarks
ten times. For example, the study of Polish scien-
tists demonstrates the following HM concentration
in the soil of the tawa Gtéwna railway junction,
mg/kg: in the area of sidings Pb — 4481/494%; Cd —
5,41/5,1%, Cu — 19111612, Zn — 1264%/1223%; Hg —
0,573'/0,969%; Fe — 44800%/39700% Co — 9Y/82; Cr
— 67%/582; Mo — 2Y/2% (* — between rails, 2 — outside
rails) [13]. The HM content indicators in three re-
ference sites mg/kg: Pb — 1%/2%3% Cd -
n.d.3/n.db/n.d’ Cu — 4%4°4°, Zn — 233/23°/18¢;
Hg — 0,014%0,05/0,013¢; Fe — 4400%/4500%/5000¢;

Rail transport operation has a negative influ-
ence on the environmental quality. This influence
can be seen in the environmental contamination
with both organic (oil products, polycyclic aro-
matic hydrocarbons, polychlorinated biphenyls),
and inorganic substances (heavy metals, SO, CO,
COz, NOz, etc.).

Studies devoted to railway transport as a factor
of environmental pollution confirm the hypothesis
that this mode of transport can bring to soil such
persistent and dangerous pollutants as heavy met-
als (hereinafter — HM) [1, 4-7, 10-14, 17-20].
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Co — 1%/1°/2%; Cr — 5%/6°/8%; Mo — n.d.?/n.d.’/1¢. n.d.
— not detected, @ — 500 m southwest from the rail-
way junction, ® — 500 m to the southeast, ¢ — 2 km
to the east [13].

The obtained data demonstrate the significant
content of iron, which is natural for railway
transport, lead, cadmium, copper and zinc, which
may indicate specificity of the cargoes transported,
loaded and unloaded at this station.

Another study, conducted by Kajetan
Dzierzanowski and Stanistaw W. Gawronski also
confirms the assumption that railway transport
plays a significant part in the HM accumulation in
soil and plants. The study was conducted in situ at
the Warsaw-Otwock railway connection using the
X-ray fluorescent spectrometer [11]. The authors
compare the obtained results with the permissible
levels of HM concentration in the surface layer for
transport lands, mg/kg approved in Poland [11].
Table 1 presents the results of Kajetan Dzierzan-
owski and Stanistaw W. Gawronski's investigation
and the permissible levels of HM concentration in
Poland, approved in 2002.

Table 1

HM concentration in surface layer of
the Warsaw-Otwock railway ground and permissible
levels of HM concentration

Concentration Standard Permissible con-
HM mg/kg ! deviation, centration levels
mg/kg of HM
Ba 10921 299.1 1000
Cr 1108.4 331.4 500
Zn 142.4 17.7 1000
Cu 894.3 415 600
Mn 15289 160.9 -
Mo 18.0 4.0 250
Ni 588.1 101.1 300
Pb 65.0 8.3 600
Hg 25.3 6.0 30
Fe 196 112.7 3909.8 -

The presented data show the high content of such
metals as barium, chromium, copper, nickel, mercu-
ry and iron typical of railways. It should be noted
that it is difficult to assess the degree of the railway
operation influence on the HM accumulation without

comparing the obtained data with those at the refer-
ent sites or background concentration. It can only be
concluded that the approved standards for Ba, Cr, Cu
and Ni have been exceeded.

However, the data on the HM accumulation in
plants in the area adjacent to the Warsaw-Otwock
railway junction is of greater interest. For example,
Viola  arvensis  accumulates  approximately
230 mg/kg Zn, Vicia cracca — =~ 30 mg/kg Mo, Ce-
rastium dubium — =~ 160 mg/kg Cu, 400 mg/kg Mn,
8 mg/kg Pb, 34000 mg/kg Fe [11]. This, in turn, con-
firms the railway transport influence on the HM in-
troduction and accumulation both in the soil of adja-
cent territories and in plants that grow there.

According to the results of chemical analysis of
the soil samples from the Bialystok Fabryczny,
Siemianowka and Wality railway stations in 2015
[20], the pollution levels appear to be much lower
than in previous studies. However, the soil biotest-
ing shows significant toxicity of the soil of the
Biatystok Fabryczny and Siemianéwka stations
[20]. The information is given in Table 2.

Table 2

Results of chemical analysis of the soil samples
from the Bialystok Fabryczny, Siemianéwka and
Walily railway stations

Station
HM | Biatystok Fab- | o ok Wality
ryczny

Zn 130+ 10.4 75+6.0 106 + 8.58
Cu 107 £16.1 27+4.1 46 +6.9
Pb 153+ 275 20+3.6 27+4.9
Ni 14+3.4 17+4.1 52+12.5
Hg 0.06 £0.01 <0.05 <0.05
Cd <0.70 <0.70 <0.70
Cr 25+5.3 15+3.2 70 £14.7

It is important the fact that at present in Ukraine
there are no legally approved permissible levels of
HM concentration for transport and communication
lands, industry and urban territories.

As for the HM sources at railway transport,
they are, in the first place, cargo transportation, its
dispersing, scattering and spilling on the track and
adjacent territories [1, 5-7, 10-14, 19]. For exam-
ple, the total amount of losses during the transpor-
tation of mineral fertilizers in bulk in covered cars
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is up to 8%, in gondola cars up to 28%. When
transported in multi-purpose cars annually up to
7% of ore and 3% of cement are lost [7].
According to the State Statistics Service of
Ukraine [3], the railway transport ranks first in
terms of cargo transportation volumes. The Tables
3 and 4 show the cargo turnover, volumes of cargo
transportation in 2017, and transportation of vari-
ous types of cargo by rail in 2017, respectively.
Other sources of HM at railway transport:

wheel-rail, pantograph-contact wire, bearings [5-7,
10-14, 18, 19];

— use of herbicides [7, 13];

— coal heating of cars [5-7];

— exhaust gases of locomotive engines [5-7,
10, 12];

— migration from wooden and ferro-concrete
sleepers, from rubble and ballast section materials
[5-8, 10, 14];

— garbage discarded from trains and on plat-

— friction in systems: wheel-brake blocks, forms.
Table 3
Cargo turnover and volumes of cargo transportation in 2017
Cargo turnover Volume of transported cargoes
min. tkm in % to 2016. min.t in % up 2016.
Transport 343 057.1 105.8 635.9 101.8
railway 191914.1 102.3 339.5 98.9
automobile 41178.8 108.4 175.6 104.7
water 4257.1 106.3 5.9 88.1
pipeline 105 434.4 111.7 114.8 107.6
air 272.7 120.5 0.1 110.5
Table 4
Cargo transportation in 2017
Performed, min.t In % to 2016.
Transported cargoes 339.5 98.9
dispatched 277.3 94.9
According to freight nomenclature
coal 43.9 76.2
coke 5.0 70.8
oil and petroleum products 3.8 115.3
iron ore and manganese ore 64.9 93.5
ferrous metals 20.8 824
ferrous scrap 3.1 114.9
timber cargo 2.8 66.8
chemical and mineral fertilizers 35 84.2
grains and grinding products 35.7 111.8
cement 59 101.0
construction material 41.2 116.5
other cargoes 46.7 118.0
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Moreover, the HM accumulation in soil during
the railway operation is influenced by a wide range
of factors: intensity and speed of train movement;
age of the railway and degree of its operation; ini-
tial braking speed, braking length; the nature and
volumes of transported cargoes; weather condi-
tions; relief; granulometric and chemical content of
soil; vegetative cover.

Therefore, the HM content in the railway infra-
structure soil can differ considerably and vary
widely. Accordingly, the study of the railway
transport influence on the HM emission into the
soil is an important direction of scientific research.

Purpose

The main purpose of the article is analyzing the
current state of the railway infrastructure soil con-
tamination with HM; assessing and determining
the rail transport share in the problem of the HM
accumulation in soil.

In order to achieve the purpose, the following
stages are realized: literary review of the problem;
analytical assessment of soil contamination levels
of railway stations with heavy metals; calculations
of total contamination and potential environmental
risks of soil contamination with HM; development
of recommendations for further monitoring the
toxicological state of soil.

Methodology

The research object is the soil of the three rail-
way stations of Prydniprovska railway:

1)passenger station — Kamianske-Pasazhyrske,
year of opening 1965, electrified (hereinafter —
«KP» station);

2)freight-passenger station — Zaporizhzhia-
Kamianske, year of opening 1884, electrified
(hereinafter — «KZ» station);

3)freight station — Trytuzna, year of opening
1884, non-electrified (hereinafter station «T»).

The research subject is the total content of HM.
Determining the total forms are enough for the
space between tracks, since the moving ones play a
minor role in this case, there is no migration in the
«soil-plant» and «soil-plant-man» chains.

The sampling scheme is shown in Figure 1.
Sampling was carried out every 15 m between (1)
and outside both rails (2). The weight of each sam-
ple is 250-300 g, the depth of sampling is 0-20 cm.
The total area of the investigated sites is 600 m2.
The principle of the sampling choice is determined
by the fact that the stations are surrounded by
buildings and the HM distribution at different dis-
tances cannot be assessed.

The reference sites are at a distance 250 m from
each station. The sampling was carried out using
the «envelope» method.

Figure 2 shows the places of the soil sampling.
It was carried out at the end of August 2017 in dry,
hot weather.

The HM concentration in station soil was de-
termined by the atomic-adsorption method. Total
forms of HM were extracted with nitric acid (1:1).
The HM content in the studied soil samples was
calculated using the formula (1):

X =V '(Cl—CO)/m

where X — is the mass fraction of the i-th metal,
determined in the air-dry soil sample, mg/kg; C1 —
is the concentration of the i-th metal in the studied
acid extract of soil, found according to the calibra-
tion graph, mg/dm?®; Co — is the concentration of
the i-th metal in the control sample found accord-
ing to the calibration graph, mg/dm3; V — is the
volume of the investigated solution, cm3; m — is the
weight of the air-dry soil sample, g.

LI ]

[

LI 1

L N J
—

15 m 15 m

Fig. 1. The scheme of sampling at railway stations
1 — the area of sampling between rails, 2 — the area of sampling outside both rails
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Fig. 2. The sampling sites at the station Kamianske-Pasazhyrske

In order to assess the level of the HM accumu-
lation in soil, we calculated a total contamination
index Z., which reflects the complex influence of
the whole group of elements and is determined as
the additive sum of the excess of elements concen-
tration coefficient above the background level us-
ing formula 2 [2]:

n
Ze=) Ke=(n-1) (2)
i=1

where n — is the number of elements under consid-
eration, K¢ — is the coefficient of concentration
(accumulation), the ratio of actual concentration to
background content [2].

Although this methodolgy is used in many
works related to the assessment of HM accumula-
tion in soil, the disadvantage of the Z. indicator is
that it does not reflect the toxicity of each metal,
therefore, it is advisable to use such an indicator as
RI — potential environmental risk of soil contami-
nation, which is determined by the formula 3 [9,
15, 16]:

RI =Y (3)
where Ei —is a risk factor for the i -th HM,
Ei=Tifi=T, % 4)

|

where Ti — is the factor reflecting the toxicity of
the i-th HM and the degree of environmental sensi-
tivity to this metal, the values of 7i for Hg, Cd, As,
Ni, Cu, Pb, Cr, Zn and Mn are 40, 30, 10, 5, 5, 5,
2, 1 and 1, respectively; fi — is the ratio of the actu-
al concentration of HM, (Ci) to its background
content (S7) [9, 15, 16]. Classifications of Z; and RI
are presented in the Tables 5 and 6.

Table 5
Classification of the total soil contamination
index Zc
Contamination degree Zc
very low <8
low 8-16
moderate 16-32
high 32-64
very high 64-128
extremely high > 128

Table 6

Classification of potential ecological risk
of soil contamination

Ei Individual RI General
Ei <40 Low RI<150 Low
40<Ei<80 Average ! SOSBUSZ’ Average
. - 300<RI .
80<Ei<160 Significant <600 Significant
160<(')5'§32 High RI>600 | Very high
Ei>320 Extremely
high
Findings

The research results are presented in Table 7.
We determined the concentration of total forms of
Mn, Cu, Zn, Ni, Pb, Cd, and Fe in the soil of
«KPy», «ZK», «T» stations and at the three refer-
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ence sites where the anthropogenic influence is
quite insignificant.

The given data across the board exceed the ref-
erence indexes and the background concentration,
which shows the direct railway transport influence
on the HM accumulation in soil.

The obtained results indicate that the soil state
of the «KP» station corresponds to a low ecologi-
cal risk and a low degree of contamination, since it
IS a passenger station only and pollution occurs
mostly due to the friction of wheels and rails, that
of the pantograph and contact wire, as well as the
herbicide use.

The soil contamination of the «ZK» station is
characterized by a significant potential environ-
mental risk and a very high degree of pollution.
This station is a freight-passenger one and the pol-
lution level is mainly due to the loading and un-
loading processes.

The soil of the «T» station is characterized by
an average potential environmental risk and
a moderate degree of pollution. Although this sta-
tion is used for the freight trains reformation, but
due to transporting large volumes of bulk ore car-
goes HM fall into the station soil. Moreover, the
station is not electrified.

Originality and practical value

For the first time the potential ecological risk of
soil contamination was determined on the basis of
the physical-chemical analysis of the HM content
in the soil of the «KP», «ZK» and «T» stations.
The obtained data prove the necessity and urgency
of constant monitoring the HM content in the rail-
way infrastructure soil.

The results of the study can be used as a justifi-
cation of the reasonability of introducing the envi-
ronmental monitoring programs for the railway
lands, the environmental protection measures for
the soil treatment from HM, protection of the terri-
tories adjacent to railway from the propagation and
accumulation of the mentioned pollutants as well as
correcting the railway exclusion zone

Conclusions

Taking into consideration the fact that the rail-
way transport operation can lead to the significant
level of the soil contamination with HM, which
exceeds the regulatory one, it is necessary to de-
velop recommendations for non-purpose (agricul-
tural) use of land sites within the damping zone of
railways.

According to the presented data, differentiating
the railway mainline zones with high pollution in-
dicators was carried out and the recommendations
on the measures for decontamination and detoxifi-
cation of the railway infrastructure soil were de-
veloped.

We recommend to calculate the Z; and RI indi-
ces for assessing the levels of soil contamination,
as well as to determine the HM concentration at
the reference sites, since the use of background
concentration for comparison generates many
questions and concerns, although it is used by
many researchers. And as a final stage of assess-
ment we suggest carrying out biotesting, which
demonstrates the toxic influence (or its absence) of
the investigated soil on plants, crustaceans, bacte-
ria and other living organisms.

Table 7

General indicator of contamination and the potential ecological risk of stations soil pollution

Stations and Heavy metal concentration, mg/kg
aé';g'r‘é"’l‘;‘;rio Mn (600" Cu(0n | zn(30% | Ni(10) | Pb(09) | cd(@) Fe (22 000")
the method- | 2 |12 1|21 2|1]2]|1]2 1 2
ology
«KP» 654 670 61 60 | 178 | 170 | 32 31 40 35 | 15| 15 | 35670 35 660
Ke 11 11 31 | 3.0 | 59 57 | 3.2 32 | 40| 35 | 15| 15 1,6 1.6
Ei 11 11 | 152 | 15 5.9 5.7 16 16 20 | 175 | 45 | 45 1.6 1.6
RI 103.35 — low potential ecological risk
Ze 14 — low contamination degree
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Continuation of a table 7

General indicator of contamination and the potential ecological risk of stations soil pollution

Stations and Heavy metal concentration, mg/kg
a::r;glrfﬁgsto Mn (600°) Cu(20) | zn(30% | Ni(10) | Pb(10) | cd(@) Fe (22 000°)
the method- | 2 1| 2|12 1] 2|1]2/|1]-2 1 2
ology
«ZK» 2220 | 2220 | 456 | 476 | 678 | 656 | 111 | 115 | 340 | 324 4 4 61 860 61 230
Kc 3.7 3.7 | 228 (238|226 |218 | 111|115 | 34 |324| 4 4 2.8 2.8
Ei 3.7 3.7 114 | 119 | 226 | 21.8 | 555 | 57.5 | 170 | 162 | 120 | 120 2.8 2.8
RI 487.7 — significant potential ecological risk
Zc 94.5 — very high contamination degree
«T» 710 715 75 67 | 180 | 179 | 63 65 | 150 | 130 2 2 48 700 48 705
Kc 1.18 119 | 3.75 | 3.35 6 6 6.3 | 65 | 15 13 2 2 2.2 2.2
Ei 1.18 1.19 | 188 | 16.8 6 6 315|325 | 75 65 60 | 60 2.2 2.2
RI 189.14 — average potential ecological risk
Zc 29.3 — moderate contamination degree
Reference
sites 340%/240?/300° ’ 6%/52/6° 231/30%/40° 7Y62/7° 10Y/8%/5% | 0.5%0.3%/n.d.3 | 2340%/30782/1460°

* — background HM content in soil of Dnipropetrovsk oblast
1, 2, 3 — benchmarks of the HM content for the «KP», «ZK» and «T» stations, respectively.

LIST OF REFERENCE LINKS

1. bBobOpuk, H. 1O. [ommpeHHs Ta akyMyJsIis Ba)KKHX METaNiB y IPYHTaX NPU3ATIZHHYHHX TEPUTOPIH /
H. 1O. Bob6pux // Bica. Juinponerp. yH-Ty. Cepis: bionoris. Exonoris. — 2015. — Bum. 23 (2). — C. 183-1809.
doi: 10.15421/011526

2. JlabaxoB, M. B. Tskenble MeTaulbl: DKOTOKCHKOJIOTHS M MPOOJEMBI HOPMHUpPOBaHHS : MOHOrpadus /
M. B. JTabaxos, E. B. Jlabaxosa, B. 1. TutoBa. — Hwxkuwuit Hosropos : BBAT'C, 2005. — 165 c.

3. JlepxaBHa cmyx0a craructuku Ykpainu [Electronic resource]. — Available at: http://www.ukrstat.gov.ua —
Title from the screen. — Accessed : 23.07.2018.

4. XKypasiaesa, M. A. 3arps3HeHHe MpPUAOPOKHOW 30HBI TsokenbiMu Metautamu /| M. A. XKypasnesa,
H. U. 3yopes, C. M. Kokusn // Mup tparcmopta. — 2014. — T. 12, Ne 6. — C. 174-178.

5. 3enensko, 10. B. IIpobiema 3a0pyqHEHHST BAXKKUMHU MeTallaMU CMYTH BigBoxy 3amizHunb / H0. B. 3enenspko,
A. B. Camapceka // 3amizH. TpaHcr. Ykpainu. — 2014, — Ne 5 (108). — C. 51-53.

6. Kazanmesa, M. [0. JKene3HOZOPOXKHBIA TPaHCIIOPT KaK HCTOYHHK 3arps3HCHHS OKpYXKaromed cpemsl /
M. 1O. Kazanmnesa, JI. A. 3ubapesa // Camapckuii Hay4dnbIi BecTHHK. — 2014, — Ne 4 (9) — C. 54-56.

7. Kazanues, 1. B. JKene3HoqOpOKHBIA TPaHCIOPT KaK MCTOYHUK 3arpsi3HEHHS MMOYB TSHKEIBIMH MeTajiiaMu /
U. B. Kazannes // Camapckuii Hayunblit BecTHUK. — 2015. — Ne 2 (11). — C. 94-96.

8.  Kpomeukuna, 1. FO. KoMmiuiekcHasi OIEHKA 3arpsA3HEHHs OAUTACTHOIO CJIOS JKEJIe3HOAOPOKHOTO IMOJOTHA /
. YO. Kpomeuknna, H. 1. 3yopes // XXI Bek: UTOTH MPOIIIOrO ¥ MpoOyieMsl HacTosmero mioc. — 2014, —
Ne1(17).—C. 100-102.

9.  Assessing heavy metal pollution in the surface soils of a region that had undergone three decades of intense
industrialization and urbanization / Y. Hu, X. Liu, J. Bai, K. Shih, E. Y. Zeng, H. Cheng // Environmental Sci-
ence and Pollution Research. — 2013. — Vol. 20. — Iss. 9. — P. 6150-6159. doi: 10.1007/s11356-013-1668-z

10. Does the Function of Railway Infrastructure Determine Qualitative and Quantitative Composition of Contami-
nants (PAHs, Heavy Metals) in Soil and Plant Biomass? / M. Metrak, M. Chmielewska, B. Sudnik-

doi 10.15802/stp2018/140551 © A. V. Samarska, Y. V. Zelenko, 2018

31


http://www.ukrstat.gov.ua/

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J{HinponeTpoBcbKoro
HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2018, Ne 4 (76)

EKOJIOI'I HA TPAHCIIOPTI

Wojcikowska, B. Witkomirski, T. Staszewski, M. Suska-Malawska // Water, Air, & Soil Pollution. — 2015. —
Vol. 226. — Iss. 8. doi: 10.1007/s11270-015-2516-1

11. Dzierzanowski, K. Heavy metal concentration in plants growing on the vicinity of railroad tracks: a pilot study
/ K. Dzierzanowski, S. W. Gawronski // Challenges of Modern Technology. — 2012. — Vol. 3, No. 1. -
P. 42-45,

12. Railway Tracks — Habitat Conditions, Contamination, Floristic Settlement — A Review / B. Wilkomirski,
H. Galera, B. Sudnik-Wojcikowska, T. Staszewski, M. Malawska // Environment and Natural Resources Re-
search. — 2012. — Vol. 2, No. 1. — P. 86-95. doi: 10.5539/enrr.v2n1p86

13. Railway transportation as a serious source of organic and inorganic pollution / B. Witkomirski, B. Sudnik-
Wojcikowska, H. Galera, M. Wierzbicka, M. Malawska // Water, Air, & Soil Pollution. — 2010. — Vol. 218. —
Iss. 1-4. — P. 333-345. doi: 10.1007/s11270-010-0645-0

14. Soil and plants contamination with selected heavy metals in the area of a railway junction / T. Staszewski,
M. Malawska, B. Studnik-Woéjcikowska, H. Galera, B. Witkomirski / Archives of Environmental Protection.
—2015. —Vol. 41, No. 1. — P. 35-42. doi: 10.1515/aep-2015-0005

15. Soil Heavy Metal Pollution and Risk Assessment in Shenyang Industrial District, Northeast China / X. Jiao,
Y.Teng, Y. Zhan, J. Wu, X. Lin // Plos One. — 2015. — Vol. 10. — Iss. 5. — P. e0127736.
doi: 10.1371/journal.pone.0127736

16. Soliman, N. F. Potential ecological risk of heavy metals in sediments from the Mediterranean coast, Egypt /
N. F. Soliman, S. M. Nasr, M. A. Okbah // Journal of Environmental Health Science and Engineering. — 2015.
—Vol. 13. —Iss. 1. doi: 10.1186/s40201-015-0223-x

17. The effects of railway transportation on the enrichment of heavy metals in the artificial soil on railway cut
slopes / Z. Chen, K. Wang, Y. W. Ai, W. Li, H. Gao, C. Fang // Environmental Monitoring and Assessment. —
2013.-Vol. 186. — Iss. 2. — P. 1039—1049. doi: 10.1007/s10661-013-3437-3

18. The effects of the Qinghai-Tibet railway on heavy metals enrichment in soils / H. Zhang, Z. Wang, Y. Zhang,
Z.Hu /I Science of the Total Environment. - 2012. - Vol. 439. - P. 240-248.
doi: 10.1016/j.scitotenv.2012.09.027

19. The selected trace elements in soil of railway stations in north-eastern Poland / B. Witkomirski, M. Suska-
Malawska, B. Sudnik-Wojcikowska, T. Staszewski // Rocznik Swigtokrzyski. Ser. B — Nauki Przyr. — 2013. —
T. 34.—P. 171-180.

20. Wierzbicka, M. Multidimensional evaluation of soil pollution from railway tracks / M. Wierzbicka,
O. Bemowska-Katabun, B. Gworek // Ecotoxicology. — 2015. — Vol. 24. — lIss. 4. — P. 805-822.
doi: 10.1007/s10646-015-1426-8

A. B. CAMAPCBHKA', 10. B. 3EJIEHBKO?

Kag. «Ximist Ta imkeHepHa eKoJoris», JIHIIpONeTPOBCHKHI HAI[IOHAIHUIN YHIBEPCUTET 3aIiI3HMYHOTO TPAHCIIOPTY iMEHi aKa-
nemika B. JlazapsiHa, By, Jlasapsua, 2, Jlninpo, Ykpaiuna, 49010, ten. +38 (097) 091 74 51, en. momra
samarskaya.av@gmail.com, ORCID 0000-0002-0828-9457

ZKag. «Ximist Ta iHKeHepHA eKOoIoris», JHIIpONeTpOBCHKHI HALIOHAIEHUH yHIBEPCUTET 3ali3HMYHOTO TPAHCIIOPTY iMEHi aKa-
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OLIHKA BIIVIMBY 3AJIIBHUYHOI'O TPAHCITIOPTY HA
HAKOIIMYEHHS BAXKKUX METAJIIB Y TPYHTAX

Mera. HaykoBa cTaTTs Mae 3a METy aHaJli3 Cyd4acHOTO CTaHy 3a0pyJHEHHs BaKKMMH MeTanamu (BM) rpyHTiB
3a1i3HNYHOI 1H(pAacTpyKTypH, a came Tpbox craHuiil IIpunHinpoBcwkoi 3amizHuni: Kam’sHchke—Ilacaxupcebke,
Sanopixoka—Kam’saceke # Tputysna. Meroauka. O0’€KT TOCHIIKEHHS! — I'PYHTH BHIE3a3HAYEHHUX 3aJII3HUYHHUX
cTaHIiH, npenmeT — BajoBuit BMicT BM. Binbip npo6 3aiiicHioBaBcs KoxkHI 15 M MiXk peikaMu Ta o3a HUMH 3 000X
cTOpiH. 3arajpHa IUIOmA JOCTIIKYBaHUX TepuTopiii — 600 M2 MeTogom aToMHO-abCOpOLiHHOI cIEKTpOMETpil
BH3HAUEHO KOHIeHTpamii BamoBux ¢opm Fe, Pb, Zn, Cu, Ni, Cd ta Mn. OTpumani JaHi TOpIBHIOBAINCH i3
¢oHOBMMH KOHIeHTpamisMu BM s J[HinpomeTpoBchkoi oGiacTi Ta 3 pe3yibTaTaMH aHaNi3y KOHTPOJIBHHUX
JIIISTHOK, 10 3HAXONWJIMCh Ha Binctani 250 M BiA 3ami3HWYHHX cTaHid. Pe3yasTtatu. BcranoBieno, mio
3aJTI3HUYHUHA TPAHCIIOPT € JUKEPETIoM HaaxokeHHs BM y rpyatu. OTpuMaHi pe3yinbTaTi BKa3yloTh Ha Te, 110 CTaH
rpyHTiB craHuii Kam’sHchke—Ilacakupchke BiANMOBiZae HU3BKOMY E€KOJOTIYHOMY PHU3UKY W CIIaOKOMY CTYIIEHIO
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EKOJIOI'I HA TPAHCIIOPTI

3a0pyAHEHHS, OCKIJIBKH CTaHIliS € TUIBKU MAaCaKUPCHKOIO, 1 3a0pyTHEHHS BiIOYBA€ThCS 32 PaXyHOK TEPTs KOJIC Ta
peiiok, manTorpada o0 KOHTaKTHY MEPEXY, a TaKOK BHKOPUCTAHHS NECTHLWAIB. 3a0pyAHEHHS IPYHTIB CTaHII
Samopinoka—KaMm’ SHChKE BiIPI3HAETHCSA 3HAYHUM MOTCHIIITHIM €KOJIOTIYHUM PH3UKOM i JyKe CHIBHHM CTYIICHEM
3a0pynHeHHA. Ll cTaHIis € BaHTa)KHO-TTACAKUPCHKOIO, 1 TAaKUH PiBEHb 3a0pyIHEHHS € 3[e0UTBIIOT0 HACIHIIKOM
HPOLECIB 3aBAHTAXKEHHS W PO3BaHTaXeHHA. [pyHTH cTanmii TpHTy3Ha XapaKTEpH3yIOTHCSA CEPEIHIM MOTEHIIAHIM
EKOJIOTIYHAM PHU3UKOM Ta TIOMIpHHUM CTyleHeM 3a0pynmHeHHA. Ha 1miit craHmii BimOyBaeTbes mepedopMyBaHHS
TOBapHHUX TOI3MIB, ajle 3a paXyHOK IEPEBE3CHHS 3HAYHMX OOCHTIB CHITYUYHX PYAHHX BaHTAXIB y IPYHTH CTaHIIi
notpamsitore BM. KpiMm Toro, craHmisi HeenektpugikoBaHa. HamaHo pexoMeHparii MIofo OLIHKK pPIBHIB
3abpynneHHs IpyHTiB. HaykoBa nHoBu3Ha. Briepiie Ha 6a3i nmpoBeseHOro (i3uko-XiMiuHOro aHaiizy Bmicty BM
IPYHTaxX BHINE3a3HAYCHUX CTAHLIM BH3HAYEHO TMOTCHUIHHMN EKOJOTIYHMI pU3UK 3a0pyIAHEHHS TIPYHTIB.
IpakTuuna 3HaYMUMicTh. Pe3ynpTaTi HOCHIIKEHHS MOXYTh OYTH BHKOPUCTaHI SIK OOIpYHTYBaHHS JIOLIIBHOCTI
BIIPOBAJPKEHHSI NIPOTPaM EKOJIOTIYHOTO MOHITOPHHTY JJIsl 3eMENb 3aJ1i3HUYHOTO TPAHCIOPTY, MPUPOJIOOXOPOHHUX
3aXO0/IiB 13 OYMIIEHHS IPYHTIB Bix BM, KOpUryBaHHS 30HH BiI4y)KEHHS 3aJi3HHIb 1 3aXUCTY MPWIETINX TEPUTOPIN
BiJl PO3MOBCIO/KEHHS Ta aKyMYJDIMii IIUX TONIOTaHTiB. Ha OCHOBI OTpHMMaHMX JaHUX JOBeAEeHa HEOOXiTHICTH
MOCTIHHOTO KOHTPONIO BMicTy BM y IpyHTax 3ami3HUYHOI IHQPACTPYKTYpPH W aKTyalbHICTH IMPOAOBKEHHS
JIOCIIIKEHb Y TaHOMY HayKOBOMY HAIPSMKY.

Knrouosi crosa: Baxki MeTanu; 3ali3HUYHUN TPAHCIOPT; IPYHTH; 3aJi3HHYHI CTAHII(; HOTCHIIHHUI €KOJIOTid-
HUU PU3UK
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OLEHKA BJIUAHUA KEJE3HOJAOPOKHOI'O TPAHCIIOPTA HA
HAKOIVIEHHUE TAXKEJIBIX METAJIJIOB B I'PYHTAX

Heab. Hayunas cTates cBOEH LENbI0 HMEET aHAIU3 COBPEMEHHOIO COCTOSIHUS 3arpsA3HEHUS] TPYHTOB XKEIE3HO-
IOPOXKHON MHQPPACTPYKTYPHI TsKeIbIMU MeTauiaMu (TM), a uMeHHO Tpex cTaHnuil [IpuaHenpoBCKOH Kelle3HOM
nmoporu: Kamenckoe—Ilaccaxupckoe, 3amopoxxse—Kamenckoe n Tpurysnas. Meroanka. OOBEKT HUCCICIOBAHUS —
TPYHTHI BBIIICYIIOMSHYTBIX KEJIE3HOJOPOXKHBIX CTAaHIMH, MpeaMeT — BanoBoe cojepxkanre TM. OTt6op mpob ocy-
IIECTBILSUICS Kakable 15 M MeXIy penbcaMM M 3a HUIMH ¢ 00eux cTopoH. OOmmas 1romna s CClIeayeMbIX TeppUTO-
puii — 600 M%. MeTo10M aTOMHO-a6COPOLMOHHON CIIEKTPOMETPUM OTIPEJIeiIEHbl BaJloBble KoHLeHTpanuu Fe, Pb, Zn,
Cu, Ni, Cd u Mn. [TonyueHHble 1aHHbIE CPAaBHUBAIUCH ¢ POHOBBIMH KOHLeHTparusiMu TM 1uist J{HenponeTpoBcKoii
o0nacTé M pe3yibTaTaMM aHAJM3a KOHTPOJBHBIX YYAaCTKOB, HAXOSIIUXCS HA paccTOSHUU 250 M OT Kene3Hono-
POXHBIX cTaHUUH. Pe3yabTarhl. YCTaHOBJICHO, YTO KEJIE3HOLOPOKHBIM TPAHCIIOPT SBJISIETCSI MCTOYHUKOM IOCTYII-
nerns TM B rpyHTHl. [lomydeHHbIe pe3yabTaThl yKa3bIBalOT HAa TO, YTO COCTOSIHHME TPYHTOB cTaHIMH KameHckoe—
IMaccaxupckoe COOTBETCTBYET HU3KOMY 3KOJIOTHUECKOMY PHUCKY M €1aboil CTeTeHH 3arps3HeHUs], IOCKOJIbKY CTaH-
IUsT SIBJISIETCSI TOJIBKO MAaCCa’KUPCKOHM, W 3arpsi3HEHUE MPOHUCXOMUT 33 CUET TPEHUs KOJIEC M PebCcoB, MaHTorpada
0 KOHTaKTHYIO CETh, a TaK)K€ HCIOIb30BAHUSA NECTULUAOB. 3arpsi3HEHHE TPYHTOB CTaHIMU 3anopoxxbe—KameHnckoe
OTIMYAETCA 3HAYUTENIBHBIM MOTEHIUAIBHBIM 3KOJOIMYECKUM PHCKOM M OUY€Hb CUIIBHOW CTENEHBIO 3arps3HEHUS.
Ota CTaHIUs SIBISETCS TPY30IIACCAKHUPCKOM, U TaKOH YpPOBEHb 3arpsi3HEHUs SIBISETCS B OOJIBIIEH CTETeHH clen-
CTBHEM IIPOLECCOB 3arpy3KH U pasrpy3ku. I'pyHTHI cTaHiuu TpuUTy3Has XapakTepU3yHOTCS CPEJHUM MOTEHIMANb-
HBIM DKOJIOTHYECKHM PHCKOM M YMEPEHHOW CTENeHbIO 3arpsi3HeHus. Ha 3Toii cTaHIM MporcxoauT rnepedopMupo-
BaHHE TOBAPHBIX MTOE3/I0B, HO 32 CUET MEPEBO3KH 3HAUUTEILHBIX 00BEMOB CHIITYYHX PYIHBIX TPY30B B TPYHTHI CTaH-
un nomagaroT TM. Kpome Toro, cranmms HesnekTpuduImpoBana. /lansl peKOMEHIAIMK 10 OIeHKe ypOBHEH 3a-
rps3HeHust mouB. HayuyHasi HoBM3HA. BriepBrle Ha OCHOBE NPOBEICHHOTO (H3UKO-XMMHUYECKOTO aHAaIH3a
conepxkanns TM B TpyHTax BBIMICYNOMSHYTHIX CTaHIHUI ONpeaesieHbl MOTEHIMAIbHBIE 3KOJIOTHYECKHE PHCKH 3a-
rps3HeHus TpyHTOB. [IpakTH4yeckasi 3HAaYUMOCTh. Pe3ynbTaThl HcciaeJ0BaHMS MOTYT OBITh UCIIOJIB30BAHBI B Kade-
cTBEe 000CHOBaHUS 11€7€C000Pa3HOCTH BHEAPEHUS MIPOTPaMM IKOJIOTHYECKOT0 MOHUTOPHHTA JUISl 3eMeIIb KEJIe3HO-
JIOPO’KHOTO TPAHCHOPTA, MPUPOJLOOXPAHHBIX MEPONPUATHHA MO OYUCTKE IPYHTOB OT TM, KOPPEKTUPOBKHU 30HBI OT-
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EKOJIOI'I HA TPAHCIIOPTI

Yy XKI€HHsI )KEJIE3HBIX AOPOT U 3aIIUTHI MPUJIETAOIUX TEPPUTOPHUIL OT PaCIPOCTPAHEHHSI U aKKYMYJIIIIMU ATUX MOJI-
JIOTAaHTOB. Ha OCHOBe MOJIy4eHHBIX NAHHBIX JI0Ka3aHa HEOOXOJMMOCTh IOCTOSIHHOTO KOHTpOJs cozaepxanus TM
B IPYHTaX >KEJIE€3HOJOPOKHON MH(MPACTPYKTYPHI M aKTyalIbHOCTh HPOJOIKEHNS NCCIEOBAaHUN B JAHHOM HAy9HOM
HAaIpaBJICHUM.

Kniouesvie cnosa: TsKEIbIC MCTaJIJIbI; )KCJ'I@BHO,HOPO)KHHﬁ TPAHCIIOPT,; I'PYHTHI; KEJIE3HOAOPOKHBIEC CTAHIAN,
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OCOBJIMBOCTI OPFAHIBAI.[Ii ABAPIFIHO:BII[HOBJIIOBAJILHPIX
POBIT I YAC HA/IBBUYANHUX CUTYAIIIN HA 3AJIIBHUYHOMY
TPAHCIIOPTI

Mera. Pobota chpsMoBaHa Ha y3arajbHEHHs iH(oOpMaIii Mpo CyyaCcHMH CTaH H OCOONMBOCTI opraHizarii
PATYBaJbHUX 1 HEBIAKIAAHUX POOIT miJ yac JikBifauii Haa3BuyaiHux curyanii (HC) Ha 3ay1i3HUYHOMY TPaHCHOPTI
VYkpainu. Meroauka. Y mporieci JOCHiI)KEHHSI BUKOPHCTaHI METOAW aHaJi3y Ul BHBYCHHS 3MICTYy il OCHOBHHX
MOJIOKEHb BITYM3HSHHUX 1 3apyODKHHMX HAyKOBHX MyOJKalild, HOPMaTHBHO-TIPABOBMX aKTIB YKpaiHM Ta IHIIHX
JOKEepell Mpo MPOBEACHHS PATYBAaJbHUX Ta aBapiilHO-BiAHOBIIOBAJIBHUX pOOIT Mia Yac JIKBIimAIlii HaciaKiB
HaJ[3BUYAHHMX CHUTYyalliil Ha 3ali3HUYHOMY TpaHcmopTi. Pe3yabTaTH. I3 ypaxyBaHHSIM MO3UTHBHOTO BITYM3HSHOTO
it 3apyOi>KHOTO TOCBiNY y MPOBEACHHI PATYBAIBHUX 1 HEBIIKJIAAHAX pOOIT Mif Yac JiKBigamii TpaHCIIOPTHHUX MOIiH
Ha 3aJi3HUYHOMY TPAHCHOPTI B poOOTI PO3IIUPIOIOTHECS I MPAKTHYHOTO 3aCTOCYBAaHHA 1 B3a€MOIIii OpraHiB
VOpaBIiHHA Ta CHJI (YHKIIOHATBHOI MIICHCTEMH 3alo0iraHHs W pearyBaHHS Ha 3arpo3y a00 BUHHKHEHHS
HaJ3BUYAHHNX CHTyali. 3’SCOBY€ThCS MOJKIMBICTD YpaxyBaHHS IIMX OCOONMBOCTEH i dYac IUIAHyBaHHS,
oprauizauii ¥ NpoBeIcHHS aBapiifHO-BiHOBIIOBAJBHUX POOIT MiJ Yac JKBiJalil HACHIAKIB aBapiil i karactpod Ha
3aJ]i3HUYHOMY TpaHcnopti. HaykoBa HoBu3Ha. OTpuMaHi pe3ysibTaTd [O3BOJISIIOTH PO3MIMPUTH TOHSTTS
«HaJ3BUYaiiHA CUTYallis Ha 3aJi3HWYHOMY TpaHCHOpTi». BuzHaueHo GyHKUIT i 3aBiaHHS OpraHiB yNpaBJiHHS, CHII
i 3ac00iB ()yHKIIOHAIBHOT MiJCUCTEMH 3ano0iraHHs W pearyBaHHs Ha 3arpo3y a00 BHHUKHEHHS HaJ3BHYaliHHX
CUTYaIllil Ha JepKaBHOMY, PErioHALHOMY Ta 00’€KTOBOMY piBHI. OMHCAHO OPraHi3alild B3aEMOJIl ONEPaTHBHHUX
wtadiB, KOOPJAMHYBAILHUX OPraHiB 1 CHJI IIMBUIBHOTO 3aXMCTY MiJ 4Yac pearyBaHHS Ha HaJ3BHYaliHI CHUTYyaIli.
[pakTuyna 3HAYUMICTB. YpaxXyBaHHS 0COONMBOCTEH YMOB, B IKHX OyIyTh BUKOHYBATUCH PATYBAJIBHI i aBapiiiHO-
BiTHOBIIOBAIbHI POOOTH Ha 3aJi3HUYHOMY TPAHCIOPTi, JO3BOJHTH IMIJBUIIUTH OIEPAaTHUBHICTE POOIT
il epeKTUBHICTh B3a€MO/Ii OpTaHiB yIPaBIiHHA W CHI (QYHKIIOHANBHOI MIACHCTEMH 3alI00IraHHs 1 pearyBaHHS Ha
3arpo3y a00 BUHHKHEHHS Ha3BUYaHNX CUTYAIIH.

Knouosi cnosa: Ham3BWUaiiHI cHTyallil Ha 3aJi3HUYHOMY TPAaHCIOPTi, OCOOJIMBOCTI OpraHi3allii; aBapiiiHO-
BiTHOBJIOBaJIbHI pOOOTH; OIIEpaTUBHE pearyBaHHs; BiIOYJOBHHUH IOT31; MOKEKHUHN MMOT3]]

Beryn

3pocTaroua HaNpyKEeHICTh POOOTH 3aJII3HUYHO-
ro TPaHCIOPTY YKpaiHW HOTpedye rapMOHiHHOro
MOEAHAHHS TEXHIYHOTO PO3BUTKY PYXOMOI'O CKJIa-
Ny ¥ 1HQpacTpyKTypH 3alli3HUIb 13 YAOCKOHAJICH-
HAM Ta PEOpraHi3ali€l0 CUCTEMH 3aroOiraHHs
1 JmiKBiIaIii HACHIIKIB HAI3BUYAHUX CUTYyaIlild Ha
TPaHCIIOPTI.

[Ticns akiioHyBaHHS 3aj1i3HMIIb BUHUKIIA FOCTpa
HEOOXITHICTh Y NPUHUHATTI HOBHX YHPaBIIiHCHKHX,
TEXHIYHHX 1 TEXHOJOTIYHUX pillieHb. BOHN TIOBHMHHI

3ani3HUYHUIA TPaHCTIOPT YKpaiHU € MPOBiTHOIO
rajgy3s3i0 B JOPOXKHbO-TPAHCIIOPTHOMY KOMIUIEKCI.
Bin 3a0e3neuye moHan 82 % BaHTaXKHUX 1 Maibke
50 % macakupChKUX IEepeBe3eHb, 3JIHCHIOBAHNX
yciMa BUZAaMH TpaHCIOPTY. YKpaiHa 3aiimae yet-
BEpTE MicIle 3a 00cCsraMM BaHTaKHUX IEpEeBE3CHb
Ha €Bpa3iiichkoMy KOHTHHEHTI, MOCTYIalYUCh
nie 3anizaunsaM Kurato, Pocii ta [naii [14].
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BKJIIOYATH KapJAWHAJIGHI 3MiHM Oprasizamii podotu
MAMPUEMCTB, sKi yBinum a0 ckmaay [TAT «Ykp-
3aJI3HUI», Y TOMY YHCHTI i 3armo0iranHs i TikBiga-
1IiT HACTIIKIB aBapiii i KaTacTpod Ha 3aTI3HUIISX.

Oco0nmBOi aKTyanbHOCTI HaOyBae 1 mpobie-
Ma CTOCOBHO O0’€KTiB, fKi mepe0yBarOTh B €KC-
mryaranii noHan 25 pokiB, ycTaTKyBaHHS W o0Oua-
OHAaHHS SKUX (I3MYHO W MOpalbHO 3acTapijo,
a TeXHIYHI pINICHHS HE BiIIOBIAIOTh CYy9aCHOMY
PiBHIO PO3BHUTKY HayKH ¥ TEXHIKH, BAMOTaM HOPM
1 IpaBUJ IPOMHUCIIOBOT O€3MEKH.

I3 mocTymHUX mKEepen BiIOMO, IO OCHOBHI BH-
poormui doumu IIAT «Ykp3am3HUID» 3HOIICHI
oinbie, Hixk Ha 90 %, 30KpeMa Iie CTOCYEThCS PY-
Xxomoro ckiany (puc. 1).

[lotpebytots 3aminm Oinbie 20 % 3amizHUY-
HUX Komii, 16 % i3 skux nepeOyBaroTh B aBapiid-
HOMY cTaHi. BimmpairoBaiim HOpMaTHBHHH CTpPOK
1 mUISraroTh crnucanHro noHan 85,9 % Baronis
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BaHTa¥HUX
BaroHis

enekTpo- i 97 % musenpHEMX moizaiB. 13 305 Tsaro-
BUX mmifcranmiii moxanx 40 poxkis mpairoe 197 [10].

Oco0nuBY TpPHUBOTY BUKJIMKAE HE3aIOBLIBHAN
CTaH BIJOMYHX Mif I3HHMX 3aTI3HMYHMX KOJIH, IO
SIKUX TPaHCMOPTYIOTh XIMIiYHO, MOXEXO0- i BHOY-
xoHeOe3neuni pedoBuHU. OKpiM BHINE3a3HAYCHO-
ro, IpUYMHAMH aBapiil Ha 3aJI3HUYHOMY TPaHCIIO-
PTi MOXKYTh OYTH CKJIaJHI METEOPOJIOTiUHI YMOBH,
JOJCHKUH YUHHUK (MTOMHIIKA B pOOOTi, OPYIIEH-
HSl YMHHUX MPaBUJI, IHCTPYKIIH, HOPM, HECAHKIIIO-
HOBaHE BTPYYaHHS i T. iH.), @ TAKOXX TEPOPUCTUYHA
TISUTBHICTD.

3a TakMX yMOB MO’KHA KOHCTaTyBaTH, IO Ha 3a-
J3HUYHOMY TPAHCIIOPTI CTYHiHb PH3UKY BHHUK-
HEHHS aBapiHUX CHUTYallilf JOCTAaTHHO BUCOKHIA.
Tomy HEoOXimHO OyTH TOTOBUM 1O JiKBigallii Hac-
JAKIB aBapii, KaTacTpod, MOKEX Ta HIINX MOIiH
Ha TpaHcmoprti [12].

97

Au3enn-noisgis
eneKkTponoisais
NacaxMupCcbKUx |
BaroHis

Puc. 1. 3HouIeHICTh HAsIBHOTO NAPKy PyXOMOTO CKJIaay Y Kp3ali3HHI

Fig. 1. Wear of existing fleet of rolling stock of Ukrzaliznytsia

Meta

OcHoBHa MeTa pOoOOTH TIOJIATAE B y3aralbHEHHI
iHpopMalii mpo cydacHHH cTaH H OCOOJIMBOCTI
oprasizarii pATyBaJIbHUX Ta HEBIIKIAIHUX POOIT
IiJ] Yac JIKBiganii HaA3BUYalHUX CUTYaIlill Ha 3a-
J3HUYHOMY TPaHCIIOPTI.

MeTtoanka

VY mporeci AOCHIHKEHHS BUKOPUCTaHI METOU
aHaJli3y JJIs BH3HAYEHHS 3MICTY H OCHOBHHUX IIO-
JIOXKEHb HAyKOBHX ITyOJNiKalid, HOpPMaTHBHO-

MPaBOBUX aKTiB YKpaiHW Ta iHIIUX JDKEped Ipo
HaJ3BUYAiHI CUTyalii Ha 3aJIi3HUYHOMY TPaHCITO-
PTi, OCOOMUBOCTI OpraHizamii pATYBAILHUX Ta He-
BIIKJIQJIHUX POOIT Mij yac JIKBimamii iX HacCHiaAKiB
13 HOJANBIIUM iX IOPIBHSAHHSAM Ta y3arajJbHEHHSIM.

PesynabTaTn

AmHaiiz mokazaB, II0 TPUYMHAMHU aBapidiHUX
CUTYyAIlI}, SIKI MaJi MiClie Ha 3aJi3HUYHOMY TPaH-
CHOPTi, HalluacTille € CXOPKEHHsI PyXOMOT'0 CKJia-
Iy 3 PeHoK, 3ITKHEHHS, Hai3A¥ Ha NEPEIIKOIU Ha
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nepeizgax, MoXkexki W BHOyXH Oe3mocepeaHbo
y BaroHax. Ilix yac TpaHCIIOPTyBaHHS TakHX BaH-
TaxiB, K CKpaIUIeHi Ta3W, JeTrKO3alMHUCTi, BHOY-
XoHeOe3MeuHi, OTpylHi Ta pafioakTHBHI PEeYOBHU-

JoHeubka
3anizHULA

39% \

NisgexHa
3anisHuuUA

/ 0%

NisaeHHO

3axiaHa JNbBiBCHKA
3aniaHnuA 3aNi3HULA
11% 11%
Npuanin-
POBCbKA ——0Opecbka
3ani3HMUA 3ani3HUUA
22% 17%

2016

HU, BUHUKAIOTh BUTOKH, BUOYXH, HACITIJIKOM YOTO
€ 3apakeHHA MicueBocTi (puc.2). He BuxirodeHi
PO3MUBH 3aTI3HHYHUX KONiid, 0OBaiH, 3CyBH, IIO-
BEHI.

MNisaeHHO
3axigHa
3anisHuuA

21%
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3aNi3HUUA
0%
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32%

2017 (ciueHb-cepneHb)

Puc. 2. Hagssuuaiiai noxii 3 HeOE3IIEUHNMH BaHTaKaMHy

Fig. 2. Accidents with dangerous goods

Hakazom MinictepcTBa iHppacTpykTypn YKpa-
fam Bim 03.07.2017 Ne 235 3atepmxene Ilomo-
KEHHS Tpo Kiacu(}ikallito TpaHCTIOPTHUX MOIIH Ha
3ai3HUYHOMY TpaHchopTi [2]. Y HpoMy momaHo
BH3HAYEHHS TaKUX IMOAIH, IK KartacTpoda, aBapis,
IHI[UIEHT.

ABapii NOJINAIOTHCS HA TaKi KaTeropii:

— 3ITKHEHHS, CXOJUKEHHS 3 PEHOK PyXOMOro
CKJIaJTy 3aJII3HUYHOTO TPAHCIIOPTY;

— aBapii Ha 3aMi3HUYHUX Tepei3gax Ta T1o3a

HUMU;

— aBapii 3 ocobamu, 3aB/laHi PyXOMHM CKJIaJIOM
3aJ1I3HUYHOTO TPAHCIOPTY, IO MEePEMillIaBcs;

— aBapii 3 HeOe3[eUHUMH BaHTaXKaMU;

— TI0KEXKI TOILO.

Osnakamu (HaciiKaMH) KaTacTpod €: TpaHc-
MOPTHA TOJis, 10 MpPU3BeENa 0 MOXKEXKI Ha PyXo-
MOMY CKJIaJi 3alli3HHYHOTO TPAHCIIOPTY, 3iTKHEH-
HSl PyXOMOTI'O CKJIQAy 3 iHIIUM PYXOMHM CKIJIaJIOM,
CXOJIDKEHHSI PyXOMOTO CKJIaJy Ha IEepPEeroHi Yu cTa-
HIi1, miJ 9ac noi3Hoi abo MaHEeBpOBOi poOOTH, eKi-
nipyBaHHs a00 1HIIMX MepeMillleHb, IO CIPUYH-
HUJIO IIKOJTY JKUTTIO i 37I0POB’I0 JIFOIUHH.

Jo ocHOBHHX (aKTOpiB PU3UKY Ha 3ali3HHY-
HOMY TPaHCIOPTI HAJNEXKAaTh NEPEBE3CHHS BEIHUKOT
KiJIbKOCTI HeOe3neuHux BaHTaxiB (10 3 926 Haii-
MeHyBaHb) [1]. BoHM € MOTEHIIHUM JDKepenoM

BUHUKHEHHS HaJ3BUYAHUX CHUTYAIlill i3 BEIUKOIO
KUTBKICTIO MOTEPITUINX, 3HAUHUMH MaTtepiaJbHUMHU
30UTKaMM, HACTAHHSIM HECIPHUATIMBUX EKOJOriy-
HUX 1 CAaHITapHO-TITi€HIYHUX HACIIJIKIB.

[IpakTuka mokasye, mo HaiOLIBII HeOe3neyHH-
MU aBapisiMH € Ti, SIKi CYTIPOBOIKYIOTHCS TTOKEXKEIO,
00 B IIbOMY BHWIIQJIKy JIKBIJAIlis HACTIJKIB aBapii
TIOB’s13aHa y TIepIIy 4epry 3 HEOOXIIHICTIO JiKBima-
il ropins. TUIbKH MICIs JIOKaTi3aIlii MOKeXI MOXK-
JIBE TIPOBE/ICHHSI BCHOTO KOMIUIEKCY POOIT 13 JTKBi-
Jartii HaCJIiIKiB aBapii Ta BIAHOBIEHHS PyXY TOI3IIB.
JlocnimkeHHsT BEIMKOT KUTBKOCTI aBapiil, siKi CyIpo-
BOJDKYBAJIUChH MTOXKEKEI0, TIOKA3aJIH, 1110 B pe3yibTa-
Ti TOpiHHS aBapiiHa CHUTYyaIlisi 3HAYHO YCKJIaTHFO-
€ThCSl, @ y BUIAJIKaX, KOJIM HE 3aCTOCOBYIOThCSA ede-
KTUBHI 3aX07ii OOPOTHOM 3 BOTHEM, CaMe PO3BUTOK
MOEXi CTBOPIOE YMOBH, 3a SIKMX PO3MIpH 1 HACIIiJI-
KU aBapii CyTTeBO 301bIyroThCs [11].

KoxHa aBapisi MOXe MaTH JIBa NPUHIMIIOBHX
BapiaHTH PO3BUTKY [7]:

1. ABapis 6e3 moxkexi (3ITKHEHHs, IepEeKUIaH-
HSl BaroHa, CXOJDKEHHS 3 PeHOK, po3iuBaHHA abo
BHUTIKaHHS HEOE3MEUYHMX BaHTAXKIB Ta 1H.).

2. ABapisi, sIKa CYNPOBOMIXKYETHCS TOXKEXKEIO
(ropiHHS LIMCTEPH, TOPiHHS NPOLYKTY, 110 BUTIKA€E
abo pO3NHBAETHCS, TOPIHHS MACAKUPCHKUX Ta iH-
[IMX BAaroHIB 1 CTalliOHAPHUX CIIOPYN).

doi 10.15802/stp2018/141005

38

© B.T. Jlo3a, 2018



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpacnopty. Bicaux /IHinponeTpoBcskoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2018, Ne 4 (76)

EKCIIIYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

XapakTepHUMH OCOOJIMBOCTSIMH 3aJTI3HUYHOTO
TPaHCIIOPTY, SKi HEOOXiTHO BpaxOBYBaTH i dac
TUTaHyBaHHS ¥ oprasizalii aBapiifHO-pATYBaIbHUX
pOOIT y HaJI3BUYAHHUX CUTYAIlIsX, € [7]:

— BENMKa Maca pPyXOMOro ckiaay (3aranbHa
Maca BaHT)XHOTO IOTSAra CTaHOBUTH 3—5 THC. T,
Maca MacaXMpPChKOro motara — OJu3bko 1 TwHC. T,
Maca ozHiei nuctepuu — 80100 T1);

— BHCOKAa MIBHIKICTb PYXOMOTO CKiamy (1o
200 km/rom), mMpU LBOMY EKCTPEHUH TalbMiBHUMA
LUISIX CTAHOBHUTH COTHI METPIB;

— HAasIBHICTh Ha NUIAXY NPSAMYyBaHHS HeOe3med-
HUX JUISHOK AOpPIr (MOCTIB, TYHENIB, CITyCKiB, Tij-
HoMiB, epei3iiB, COpPTYBaJIbHUX TiPOK);

— HAsBHICTb ENEKTPHUYHOTO CTPYMY BHCOKOI
Hanpyru (mo 30 kB);

— BIUIMB JIIOACHKOTO (pakTopa Ha MPUYMHHU BH-
HUKHEHHs1 aBapii (yNpaBiiHHA JIOKOMOTHBOM,
KOMIUTIEKTYBaHHS CKJIady, AUCIIETYEPChKE 00Ciy-
TOBYBaHHS);

— pi3HOMAaHITTs Bpaxkatounx (akTopis 1 HeOe3-
meKa iXx KOMOiHyBaHHS,

— BaXXKOJIOCTYITHICTh MiCIIA aBapii IJs psATyBa-
JILHUKIB, MOKEKHMKIB, cremianicTie (0oyoTa, 4a-
TapHHUKH, BUCOKI HACHIM, 3HAYHA KiJIBKICTh 3aii3-
HUYHHX KOJIH Ha BEUKHX CTAHINSIX 1 BY3Jax).

Ciij Bi3HAYUTH, 110 3 MOYATKOM OOMOBHUX il
Ha teputopii Jonenpkoi i Jlyrancekoi obnacreit
3aJi3HMYHA iHQpacTpykTypa YKpaiHH moTeprae
BiJl TEPOPUCTHYHHUX aKTiB: MiJPUBAHHI MOCTIB,
3aJII3HUYHMX KOJIiH, BaroHis, omop JIEIT Ta iHmmx
00’exTiB 1 KOHCTpyKmii. s Oe3nmedHoro BHKO-
HaHHS aBapifHO-BiTHOBIIOBAIBLHUX POOIT HEOOXi-
JTHO TIOTIEPEAHBO MPOBOAMTH TIONIYK Ta 3HEIIKO-
JoKeHHsI OoenpunaciB i BUOyXiBKH. J[o Takux poOiT
CNiJl 3allyyaTH CIIeHiajbHiI camepHi Miapo3aiau
JlepxaBHOi creliaibHOI CITy)KOW Ha TPaHCIOPTI,
JepxaBHOi CcinyxOu HaJ3BUYAWHUX  CHUTYyallid
(ACHC) ta MiHictepcTBa 000pOHH.

VY pa3i BUHMKHEHHs aBapiil i3 HeOe3neYHHMHU
BaHTa)XaMH JUIsl TIPOBEJICHHS JieTasallii, Je3aKkTH-
Ballii TEPUTOPii, PyXOMOT0o CKIIaay, BAaHTAXKIB Tpe-
0a TUIaHyBaTH 3allydeHHS CIeliali3oBaHUX ITiJi-
pO3MMiB  XIMIYHOTO ¥ pajialifHOro 3axucTy
JCHC i MinicrepcTBa 000poHH YKpaiHH.

3rigHo 3 [HCTpyKUi€lo 3 opraHizauii BinOyaoB-
HUX POOIT NPH JIIKBIJAIi{ HACTIKIB TPAHCTIOPTHUX
MO Ha 3aMi3HMIAX YKpaiHH, 3aTBEPIKCHOIO
Haka3oM MiHiCTepcTBa TPaHCHOPTY YKpaiHU Bix
27 xBitaa 2001 p. Ne 258, indopmauis npo Hax-
3BHYAMHY CUTYAIlIF0 HA 3aIi3HUYHOMY TPaHCIIOPTI

HaJXOJUTh 4Yepe3 TelaeOoHHUM abo pajio3B’s30K
BiJl HavaJgpbHHKA TOi3/Ma (MAIIMHICTa) YEPTOBOMY
Ha Habmmkyiit cranmii (puc. 3) [3]. Ocranwiii me-
penae iHopmariro mpo micue i xapakrep HC 3ri-
MHO 3 IUTAHOM B3a€EMOJIl OpraHiB YIPaBIIiHHSA
W CHJI TEpUTOPIANIbHOI mmimcucTeMu €1uHOT aepiKa-
BHOI CHCTeMH IMBUIbHOTO 3axucty [5]. o Takoi
iHpopMallii, 30KpeMa, HajlexaTh: Jata, 4ac i Micie
BUHUKHEHHS HaJI3BHYAlHOI CHUTYyaIlii, BiZOMOCTI
PO TOi3M, KUIBKICTh 3aru0juX i TpaBMOBaHUX,
CTYHiHb  TIOIIKOMKEHHS  pPYXOMOI'O  CKIIaay,
00’€KTIB 1 CIOpyA, OMKC 00CTaBUH, METEOPOJIOTid-
HI yMOBH, XapakTep MICIIEBOCTI i YMOBH JOCTYITy
10 Micus aBapii, iHpOpMaIlis mMpo BaHTaX 1 JaHi
PO aBapilHO-BiAOYyAOBHI poboTH. SIKI0 B pyxo-
MOMY CKJIafi, IO 3iimoB, € HeOe3meuHi BaHTaxXi,
1 BUHHKJIa 3arpo3a HACEJICHHIO, TO CIiJ HEraiHo
MOBIZIOMUTH MICLIEBI OpPraHW BJIaJU, PEriOHaJIbHI
opraau JJCHC mua 3amydeHHs criemiaiai3oBaHUX
(dbopMyBaHb, pU3HAUCHHUX IS JIKBifamii HaciJ-
KiB TPaHCTIOPTHUX MOl i3 HeOE3NeYHNMHU BaHTa-
KaMmH, BinmoBigHO 1o [IpaBun Oesnekn Ta NOpsIAKY
JKBimalii HACHIAKIB aBapifHUX CHUTyamii i3 HeOe-
3MIEYHMMH BaHTaKaMH TIpU TMEepeBe3CHHI ix 3ami3-
HUYHUM TPAHCIIOPTOM, i CIIJIBHO 3 HUMHU OpraHi-
3yBaTH €BaKyallilo JIIOACH, M0 MPOKUBAIOTH 1 TIe-
peOyBaroTh y 30Hi moii [6].

Jtst mikBigaii HACTIAKIB CXOMKEHHS OOIUHO-
KOTO PyXOMOTO CKJIa/Ty Ha CTaHIIISX TUPEKIIii 3aTi3-
HUYHUX TIepeBE3eHb, JSPXKITIIIPHEMCTBA OpraHi30-
BYIOTh aBapiliHO-TIONBOBI KOMaHau. i JTikBigarii
HACITIJKiB CXOIKEHHS 3 PEHOK 1 3iTKHEHh PyXOMOTO
CKJIaJy, a TaKOX JUIS HaJaHHS JIOTIOMOTH IIiJ 4ac
CTHXIMHOTO JIMXa MPU3HAYCHUH BiIOYAOBHUIA MOI3I,
SKUA TiepeOyBae Ha OajaHCi i B MiANOPSAKYBaHHI
JInpexiii 3aTi3HUYHNX TTepeBe3eHsb [4].

[lin wac opranizamii aBapiifHO-PATYBaTBLHHX
poOIT 13 JIIKBiAAMIT HACTIAKIB 3ai3HUYHUX aBapii
i katacTpod ciij BpaxoByBaTH HACTYIHI 0COOIH-
Bocri [7]:

— aBapii # karacTpody BHHUKAIOTh Ha MUIAXY
MpSAMYBaHHS, SK MPAaBUIIO, PANTOBO, Y OLIBIIOCTI
BHITIAJIKiB Ha BENHUKIH MIBUIKOCTI, IO MPU3BOJUTH
JI0 TITECHUX TMOUIKO/PKEHb Y TMOCTPaXJAINX, BHU-
HUKHEHHs Y HUX IIOKOBOTO CTaHy W 3arubeni;

— HECBO€YaCHE OTPHMAaHHS JIOCTOBIPHOI iH(]O-
pMaiiii mpo aBapito 4u karactTpody Moxe mpusBec-
TH 70 3ali3HEeHHS HaJaHHS JOIIOMOTH, 301JIbIIIEHHS
KUTBKOCT] XKEpTB, Y TOMY YHMCIIi 32 BiICYyTHOCTI Ha-
BUKIB BWKMBaHHS y MMOCTPAXKIAINX;
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— BIJICYTHICTb, SIK MPaBHUJIO, HA MOYATKOBOMY
eTam pATYyBaJbHUX POOIT, CHEIialbHOI TEeXHIKH,
HEOOXITHMX 3ac0o0iB IMOXKEXKOTAaCIHHA Ta CKJasl-
HICTh B Oprasizauii e)eKTHBHUX 3aXOiB eBaKyallii
3 MICIIS aBapii;

— CKJIAHICTh y BU3HAUCHHI YMCJIa IIOCTPaXKAa-
JIUX Ha MICIli aBapii uu kaTacTpodu, HEOOXiAHICTh
iX po3moziny Ta BiANpaBKM B MEAWYHI 3aKiIaau
3 ypaxyBaHHSM crienn ik JTiKyBaHHS;

— yCKJIaZHEeHHS OOCTaHOBKHM B pa3i aBapii uu
KaracTpou MiJl Yac TepeBe3CHHs HeOe3MmeyHux
BaHTAaXIB;

— HEOOXITHICTh OpraHizallii MOIIyKy OCTaHKiB
3aru0IMX 1 pe4yoBUX JIOKA3iB KaTacTpou 4acTo Ha
BEIUKIN IUIOL];

— HEOOXITHICTH opranizamii mpuiiomy, po3Mi-
HICHHS, OOCIYroBYBaHHs (Xap4yBaHHS, IMOCIYTH
3B’s13Ky, TPAHCIIOPTYBaHHS Ta iH.) IPUOYIUX PO-
IU4iB TIOCTpaKAANX, OpraHizallii BiAmpaBIeHHS
3aruOIMX 70 Micls IX TOXOBaHHS;

— HeOOXiJHICTh HIBHIKOTO BiIHOBICHHA PYXY
Ha YIIKO/DKSHUX Kouisx [8].

Sk CBIiOUMTH TpakTHWKa, OUTBIIICTH aBapiiHO-
BIIHOBJIFOBJILHUX POOIT 3alli3HHIII BUKOHYIOTh
CBOIMH CHJIaMH W 3ac00aMH TPOTATOM J00H. Aue
3a HC i3 BeNMHMKOIO KUTHKICTIO TTOCTPaXAINX 1 3a-
rUOIUX, KOJIM HEOOXiTHO BHUKOHYBAaTH CKJIQJHI
pATYBaJIbHI poOOTH 3 BUMMaHHA JIIOACH 13-Tix 3a-
BaJiB 1 3pyWHOBAHWX BaroHiB, JO JIKBimaIii aBa-
pili 3amy4aroTh JOJATKOBI CHIIM i 3ac0o0H, 1110 BXO-
ISTh IO TepUTOpianbHOl migcuctemMu €auHOi ep-
JKABHOT CHCTEMH IIUBIJIBHOTO 3aXHCTY.

VY Takux BUNAIKaX BaXJIMBE 3HAUCHHS Ma€ JiT-
Ka B3a€MOJis BCiX yYacHHUKIB IJIiKBijamii aBapii,
TOMY IO, KPiM TEXHIYHHX MpoOieM (po3OupaHHs
3aBaJIiB, TaCIHHS MOKEX 1 BIJHOBJIIOBAHHS 3aIi3-
HUYHUX KOJIiK), HEOOXiAHO BWpIIyBaTH iHIII 3a-
BIIaHHS, SIKI MOTPEOYIOTh 3allydeHHS JOJaTKOBHUX
cu i pecypceis [14].
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— A . uam
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Puc. 3. Cxema crioBilIeHHS ITPO TPAHCIIOPTHI MO/IT HA 3aJI3HULIAX

Fig. 3. Annunciation scheme of transport events at railways

Jlo Takux 3aBJaHb HalleXaTh. OXOpPOHA TPO-
MaJICEKOTO TIOPSIJIKY, 3a0e3TeueHHs] poOOTH ToxKe-
KHO-PATYBAJIBHOI 1 MEIMYHOI CIIy>KOW, Bigmpas-
neHHs noctpaxganux i3 micud HC, ymisHaHHS

¥ ineHTHdiKaIls 3aru0iMx, MOIIYK, OMOBIIICHHS,

3YCTPiY 1 pO3MIIIEHHS POAUYIB 3arHOJIHX.
Bupimenns BkazaHUX BHIIE 3aBJaHb IOKJIa/a-

€TbCSl Ha KepiBHUKIB mTady 3 mikeigauii HC, npa-
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BOOXOPOHHI OpraHM W OpraHd MiCLIEBOTO CaMo-
BpsILyBaHHS.

BinmoBigHO 10 BUMOT CTaTyTHHUX JOKYMEHTIB,
y HAT «Ykp3ami3auis» BCTaHOBHJIACS YiTKa cXe-
Ma YIpaBIiHHS MiIPO3IUTaMH, SIKi OEpyTh y4acTh
y TaciHHI TMOXeXi Ta TpPOBEAEHHI aBapilHO-
BiJTHOBJIFOBAJILHUX POOIT (puc. 4).

OnmHuM 13 CTPYKTYpPHHX MigPO3ALTIB amapary
ynpaniaas [IAT «Yxkp3anizauisa» € [lenaprament
Oe3neku pyxy, 3aBAaHHAMHM SIKOTO € HACTYIIHI: Be-
JICHHsI OOJTIKY ¥ 371MCHEHHS aHai3y MPUYHH KaTa-
ctpod, aBapii, IHITUACHTIB, IHIMUX HaA3BHYAHHUX
CUTYyaIlill 1 TOPOKHBO-TPAHCIIOPTHHUX HPUTOJ, HE-
3aKOHHHX BTpy4YaHb y IiSUTbHICTH 3ai3HHYHOTO
TPaAHCIIOPTY, KOHTPOJIb 32 PO3POOJICHHSM 1 BUKO-
HaHHAM MPO(DITAKTUYHMAX 3aXOJiB MO0 iX IMOTIIe-
pPEIKCHHS; TepeBipka TOTOBHOCTI — aBapiifHO-
BiTHOBHUX (popMyBaHb perioHanbHux ¢imiid [TAT
«YKp3ami3HUI» 10 JKBimallii HACHIIKIB KaTacT-

pod, aBapili, IHIINX TPAHCIOPTHUX IOMAIA Ta HaJ-
3BUYaiiHuX cutyarii [7, 9].

Jns  omepaTMBHOrO KepyBaHHA JIKBiNAIl€r0
aBapiHOI cUTyalii y OUpEKUisX 3aJi3HUYHUX IIe-
peBe3eHb Ta YIPaBIiHHSAX 3aTI3HUIb CTBOPIOIOTH
oTepaTHBHI MTa0W 32 y9acTIO KepiBHUKIB MPOBIiJI-
HUX CIYXO 13 3aJly4yeHHsIM, Y HEOOXiTHUX BUMAl-
Kax, (paxiBuiB BinnmpaBHUKa abo onep)KyBada BaH-
TaXy.

KepiBuuku omepatuBHHX ImTalbiB pa3oM i3
MpeJCTaBHUKAMH aBapilHUX CIyKO TepUTOpialib-
HOI macucTeMu €IUHOI AepKaBHOI CHCTEMH ITUBI-
JBHOTO 3aXUCTy OIIEPATHBHO PO3POOIISIOTH Ta BH-
KOHYIOTh TUIaH pearyBaHHS Ha aBapiiiHy CHUTYyalio
[5].

Buxonsun 31 crpykrypHoi cxemu (puc. 4), ke-
piBHuK mikBiganii aBapiit (KJIA), sxuii odoimtoe
OTIEpPaTUBHY I'PYILy, € MEPIIUM PIBHEM KEpyBaHHSI.
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Puc. 4. CtpykTypHa cxema ynpaBJiHHS MiAPO3/iJIaMy 3 TaCiHHS MOXEeX Ta JiKBinawii aBapiit Ha 3ami3HUILI

Fig. 4. The management block diagram of subdivisions for the fire extinguishing
and elimination of accidents at railway
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Ho npyroro piBHs KepyBaHHS HaJleXaTh KepiB-
HuK Taciaas noxkexi (KI'TI) # onepaTtnBHmMiA mTA0,
sKi OepyTh y4acTh y JKBimarii aBapii i 37iiicHIO-
I0Th KEPYBaHHS JiSIMH 3 TACIHHS MTOKEXKI.

Jo xowrmereHIlii mepmioro piBHA KepyBaHHSI
HaJIe)KaTh HACTYIIHI 3aBJaHHS:

— Oprasizailisi TaCiHHS ITOXKEXi;

— eBaKyamlis JIIOJel, TEeXHIKH W pPyXxoMoro
CKJIay 3 HeOEe3MeTHNX 30H aBapii;

3aXHCT 00 €KTIB 1 pyXOMOTO CKIIany;

— PpO3BijKa MicIsl HEOS3MEYHOT TOJIi;

— BCTAHOBJIGHHSI MeXi HeOe3ne4Hoi
M OIOBIIIEHHS HACEICHHS;

— OopraHisailis HaJaHHSI MEIUYHOI JTOTIOMOTH
MOCTPaKIAINM;

— B)KMBaHHS HEOOXITHMX 3aXO0IiB O€3MeKH IiJ
Yac IpOBEJICHHS aBapiitHO-BiI0YI0BHHUX POOIT;
JIKBIAIlisA HACIIKIB aBapii;

— BIAHOBJICHHS PYXY MOi3/iB;
3a0e3MeYCHHS Jii MOKEeKHUX MIAPO3ALIIB;

— 3aJTy4eHHs JI0 MPOBEACHHS pOOIT MigpO3AiIiB
1 (hoopMyBaHb 3aJTi3HUAII.

OcobnmBe Miclle B pO3B’Si3aHHI IMX 3aBJaHb
3aiiMae aHami3 0OCTaHOBKM, sIKa CKJIajiacsl BHACII-
JIOK aBapii, IO CYIPOBOIKYEThCS MOXKexkero. Ba-
XIIMBUMH CKJIQJIOBUMH TaKOro aHaiizy oOCTaHOB-
KM € 3’sicyBaHHS NepBUHHOI iH(opmamii mpo mo-
KEKy: MiCIe TMOXKEeXi, pyXOMHH CKiIaj 1 BUJI BaH-
Taxy, [0 TOPHUTH, 3O0BHINIHI O3HAKH TMOXKEXI,
pyXoMHH CKJaJa i BHJ BaHTaXy B 30HI IMOXKEXIi,
00’€KTH ¥ MicLeBiCTh y 30Hi aBapii [2].

Ha mincrasi mepBunHOI iHpopmarii KJIA i3
YJICHAMH OIIEPAaTHBHOTO IITa0y po3poliisie creHa-
piii MOXJIMBOTO PO3BUTKY aBapii, BU3HA4Ya€ mapa-
MeTpH ii HeOe3MEeYHUX 30H Ta BCTAHOBJIIOE 00’ €KTH
W pyXxoMuil CKJIaja 3aJIi3HUYHOTO TPAHCIOPTY, SIKi
3HAXO/ATHCS B IIUX 30HAX.

Buxonsun 3 KUIBKOCTI 00’€KTIB 1 pyXOMOro
CKJIaNy, sIKi TIOTEpIaIoTh Bl HEOe3NeUHUX (PaKTo-
piB aBapii, MO CYNPOBOIKYETHCS ITOKEKEIO0, BHU-
3HAYaITh HEOOXIAHY KIJBKICTh MOXKEKHUX Iij-
PO3ALTIB /sl TaciHHS MOXKEXKi, 3aXUCTy 00’€KTIB
1 pyXOMOT0 CKJIay, a TaKOX MiAPO3ALIIB i popmy-

30HH

BaHb 3aJli3HMII JUIS [POBEJACHHS aBapilHO-
BinOymoBHUX pooiT [13].
3aBnaHHA ApYroro piBHA  0e3MOCEpEeaHBO

MOB’sI3aHl 3 OpPraHi3alli€l0 Ta BXKUBAHHIM 3aXO/liB
LI010 JIIKBIAALIT MOXKEXKI.

[1ig yac raciHHs MOXKEXi HA PyXOMOMY CKJIali,
BaHTAKHUX 1 COPTYBaJbHHMX CTaHLIfAX, i3 ypaxy-

BaHH;IM iHQOpMamii Tpo MOXEXKY, OTPUMAHOI
B pe3ynbTati po3Biaku, KI'TI 30008’ ss3aHwmif:

— BCTaHOBHTHU CTYIiHb BWUKOHAHHS IIpAIliBHU-
KaM{ 3aJli3HUYHOT'O TPAHCIOPTY 3aXOMAiB IIOJO
BiUerUieHHs i BifBelEHHS CYCiOHIX BaroHiB Ta
3HECTPYMJICHHS CJICKTPUYHHX MEpexk, a TaKoXK
OTPUMAaTH B €HEproAMcIieTdyepa MUChMOBE MiATBe-
PAKEHHS TPO 3HATTS HATIPYTH;

— 3’siCyBaTH NUIIXM W CIOCOOWM TMPOKIIAJTaHHS
PYKaBHUX JIiHIN 3 ypaxyBaHHsIM pyXy abo MaHeB-
pyBaHHSI M013/1iB;

— 3 ypaxyBaHHSIM OCOOJHMBOCTEH 3aJIi3HUYHOTO
TPAHCIIOPTY MPU3HAYNATH 0Ci0, BIAMOBIJANBHAX 32
JIOTPUMAHHS 3aX0/1iB OC3IICKY;

— BCTAHOBUTH CTYIiHb 3arpo3u CYCiJHIM TOi3-
JaM, MOJJIMBICTH BiZIBEIEHHS YCHOTO PYyXOMOTO
CKJaay a00 OKpEeMHUX BaroHiB, IO TOpATh, y 0e3-
IEYHE MICIIE;

— OpraHi3yBaTH, SKIO MOTPIOHO, 3aXUCT 1 Bij-
BEJICHHS BaroHiB, IO HE TOPSThH, i3 HeOe3rmeyHoi
30HH, Yy MEpUIy Yepry 3 JIOJIbMH, BHOYXOBUMH
W OTpYWHHMH BaHTaXXaMH, a TaKOX IHCTEPH i3
JIETKO3aMUCTUMH U TOPIOYMMU PEUYOBUHAMU;

— y pa3i po3TikaHHs PiIUHH, II0 TOPUTH, Opra-
Hi3yBaTH 3BEJCHHS 3eMJISTHOI MEPEHIKOAN a0 JIOT-
KiB 17151 CTIKaHHSA Ii€T piqUHA y Oe3MeYHe MICIIE;

— Y)KUTH 3aXOJiB IWIOJAO 3aXHUCTy OCOOOBOTO
CKJIa/ly BiJI OTPYEHHS TOKCHYHUMH pedoBrHamu [15].

VYci 1i 3aBIaHHS PO3B’A3YIOTH Y TICHOMY B3ae-
MO3B’S3Ky MiX TIEPIIUM 1 IPyTUM PIiBHAMHU Kepy-
BaHHSI.

CyKynHicTh pilieHb, SKi NPUAMAOTh KEpiBHU-
KU JIIKBiIaIlii aBapii ¥ raciHHs MOXexki, CKIaIal0Th
iepapxifo pillleHb, SKa BH3HAYa€ CTPYKTYpHI
3B’SI3KH M1)K HUMH.

OueBuaHO, 1O Ui 31iIHCHEHHS €(QEKTHBHOTO
YIpaBIiHH MiApo3aiiamMu (IiITHKaMH, CEKTopa-
MH) HEOOXimHO, MO0 pilleHHS OynM Y3ro/KeHi
MDXK cOOOI0 SIK Ha OJJHOMY, TaK 1 Ha Pi3HUX PiBHIX
KepyBaHHs. Bennke 3HaYeHHS Mae 3MICT pillIeHb
KepiBHUKA JIKBijalii aBapii, 0cOOJMBO Ha eTari
BU3HAYEHHS HEOOXIJHOI KUIBKOCTI IOKEXHUX ITiJI-
po3ainiB. BakmuBo Takox 31HCHIOBATH KOHTPOJIb
32 BUKOHAaHH;IM HaKa3iB Ha yCiX PIBHIX KepyBaHHS.

HaykoBa HOBH3HA TAa MPAKTHUYHA
3HAYUMICTh

Pesynbraru, oTpuMaHi B IpoIieci TOCIiKEHHS,
JIO3BOJISIIOTH  PO3IIMPUTH TIOHSTTS «HAJ3BUYaiiHA
CUTyalis Ha 3aJi3HUYHOMY TpaHCHopTi». BuzHa-
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4yeHo (YHKUIi W 3aBIaHHS OpraHiB YHpPaBIiHHA,
cuI 1 3aco0iB (DyHKITIOHANBHOI MiACHCTEMH IUBi-
JFHOTO 3aXWCTy i3 3amobiraHHs ¥ pearyBaHHS Ha
3arpo3y ad0 BUHMKHEHHs HaJ[3BUYalHUX CHUTYAaLii
Ha JIep)KaBHOMY, PETiOHAJIBHOMY Ta 00’€KTOBOMY
piBHi. OnHEIcaHO OpraHi3alIlifo B3aEMOJII OlepaTHuB-
HUX ITabiB, KOOPAWHYBAJIHLHUX OpPTaHiB i CUJ LHU-
BIJILHOTO 3aXHCTy MiJ Yac pearyBaHHsS Ha Haa3BU-
YaifHi CUTYyaIlii.

VYpaxyBanHs 0coONMMBOCTEl yMOB, B SIKHX OY-
IOyTh BHUKOHYBAaTHUCh pATYBaJIbHI U aBapiiiHoO-
BiTHOBITIOBAJIFHI POOOTH Ha 3aJi3HUYHOMY TpaHC-
MIOPTi, O3BOJUTH IIIBHUITATH OIEPATUBHICTH PO-
0iT 1 e)eKTHBHICTH B3aEMO/Iii OpTraHiB yrpaBliHHs
i cun (QYHKIIOHATBHOI MIACHCTEMH 3amo0iraHHs
Ta pearyBaHHS Ha 3arpo3y a00 BUHUKHEHHS Hal-
3BUYAHUX CUTYaIlil.

BucHoBxku

Ha ocHOBI aHamizy mpuYuH TPAHCHIOPTHHUX TIO-
Il Ha 3ai3HUYHOMY TPAaHCIOPTi, y TOMY YHCII
W miJ Yac NMepeBe3cHHS HEOE3NEUYHUX BaHTAXKIB,
MOHa 3p0OUTH BUCHOBOK, III0 3HAYHA YacTKa IHX
monid BimOYyBa€ThCsl depe3 KOMEPIiiHI HecIpaB-

HOCTi, KaTacTpOo(iuHMi 3HOC OCHOBHHX 3aco0iB.
AJle mpuYMHAMU BHHUKHEHHS HaJI3BHYaiHUX II0-
Qi Ha 3aJI3HUYHOMY TPAHCIIOPTI € TaKOX IMOpy-
IICHHS] BUMOT O€3MCKH, SIKi TATHYTh 32 COOOI0 3Ha-
YHY MaTepialbHy IKOAY.

Bepyun mo yBarm HaOyTHil AOCBiJ oprasizarii
i TpoBeneHHsI aBapiiiHO-BiJHOBMIOBAJIBHUX POOIT
IIiJ] Yac JIKBiamii HaJA3BUYalHUX CUTYyaIlill Ha 3a-
J3HAYHOMY TPAHCIOPTi, MPOIOHYEMO B TOJANb-
LIOMY BJOCKOHAJIFOBaTH CUCTEMY OTOBIIIEHHS PO
3arpo3y ¥ BUHUKHEHHS TPAHCIOPTHUX TMOJIH, ore-
paTHBHE pearyBaHHS Ha JIIKBiJAIifo X HACIIJIKiB,
a TaKOXX KOOPIWHAINIO W TICHY B3a€EMOIIIO CHII
(GyHKLIOHATBHOT MiZcHCTeMH 3amoliraHHs i pea-
T'YBaHHS Ha 3arpo3y a00 BHHUKHEHHs Ha/I3BHYaii-
HUX CHTyaliii Ha 3ali3HUYHOMY TPaHCIIOPTI
B CTPYKTYpi €IMHOI CHCTEMH IIUBITFHOTO 3aXHUCTY.

SIkicHe MiABUINEHHS OC3IEKU PyXy IMOI3MIB, 110
OOYMOBIICHO Cy4YacHUMH BHMOTAaMH, MOXKJIMBE
JIUIIIC 32 YMOBHU BJIOCKOHAJICHHS €JICMCHTIB MEPEeBi-
3HOTO MPOLECY: OpraHi3aliiHO-TEXHIYHOIO, TEX-
HOJIOTIYHOTO, 1H(OPMAIIfHOTO, KaapoOBOTO Ta
T. iH.
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Kag. «be30macHoCTb JKU3HEASATENLHOCTHY, JIHEIPONETPOBCKUI HALMOHATBHBIA YHUBEPCUTET HKEJIE3HOIOPOKHOTO TPAHCIIOP-
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OCOBEHHOCTH OPI'AHM3ALIAN ITPOBEJEHWSI ABAPUIHO-
BOCCTAHOBUTEJIBHBIX PABOT B YPE3BbBIYAUHBIX CUTYALIUAX
HA KEJIE3HOJOPO’KHOM TPAHCIIOPTE

Ieab. Pabora HampaBieHa Ha o00o0OImeHWe HWHPOPMAIMA O COBPEMEHHOM COCTOSHHHM W OCOOEHHOCTSIX
OpraHM3allMM CIACaTelIbHBIX M HEOTJIOXKHBIX pabOT NpM JIMKBUAAIWMM upe3BbyaiHbelx cutyaunit (UC) Ha
KEeJIEe3HOJOPOKHOM TpaHcnopTe YkpauHsl. MeToauka. B nporecce uccie1oBaHus UCTIOIb30BaHbI METObI aHAIN3A
JUIA W3YYECHUS COJIEpKAHMA M OCHOBHBIX IIOJIOKEHHI OTEYEeCTBEHHBIX M 3apyOeKHBIX HAYYHBIX ITyOJIMKaLUi,
HOPMATHUBHO-IIPABOBBIX AKTOB YKpaWHBl M JAPYIHMX HCTOYHHKOB O IIPOBEJCHWM CIACATENBHBIX M aBapHHHO-
BOCCTAHOBHUTEJIBHBIX pabOT MpH JHKBUAAIMM TIOCIEICTBUM YpE3BBIYANHBIX CHUTYAIlM Ha >KEJIE3HOAOPOKHOM
TpaHcnopte. Pe3dyabTarpl. C y4eTOM MOJIOKHUTEIBHOTO OTEYECTBEHHOTO U 3apyOEKHOTO OMBITa B MPOBEACHUU
CIacaTeNbHBIX M HEOTJIOXKHBIX PaboT MpH JMKBUAALMH TPAHCIOPTHBIX TNPOUCIIECTBHHA Ha KEIe3HOAOPOKHOM
TpaHCTIopTe B paboTe pacIIMPSIOTCS LENMH NPAKTHYECKOro MPUMEHEHUS M B3aHMOJICHCTBHS OPraHOB YIPaBIICHUS
U cwl (QYHKIMOHAIBHON TIIOJICHCTEMBI NPENYNpPEeXICHNUS W peardpoBaHMs Ha Yrpo3y WIN BO3HUKHOBCHHE
Ype3BBIYANHHBIX CHTYyallMi. BeIsICHETCS BOBMOXHOCTB y4eTa 3THX OCOOCHHOCTEH NpH IUIAHUPOBAHHUH, OPTaHU3aluI
U TIpOBEJICHWM aBapUIHO-BOCCTAHOBHTENILHBIX pabOT NP JIMKBHIALUKM MOCJIEACTBUH aBapuid M KaracTpod Ha
KeJIe3HOI0poKHOM TpaHcropTe. Hayunasi HoBu3Ha. [losrydeHHBIE pe3yabTaThl MO3BOJISIOT PACIIMPHUThH MOHSITHE
«4pe3BblYaiiHas CUTyallusl Ha IKEIE3HOJOPOXKHOM TpaHcnoprey. OmnpexaeneHbl (QYHKIMM W 33a4d OPraHOB
yIpaBJeHUsl, CUJI ¥ CPEJCTB (YHKIHMOHAIBHOW IOJCHUCTEMBI HPENYNPEKICHUSI U PEarupoBaHUsl Ha yrpo3y WU
BO3HHKHOBEHHE YPE3BbIUANHBIX CHUTyallMi Ha rOCYyJapCTBEHHOM, PETHOHAIBHOM U 00BEKTOBOM ypoBHe. OmHCaHBI
OpTraHM3aIH B3aNMOAEHUCTBHS ONEPAaTHUBHBIX ITA00B, KOOPAUMHUPYIOIIMX OPTaHOB M CHJI TPAXKAAHCKON 3aIlUTHI BO
BpeMsI pearnpoBaHMs Ha 4ype3BbIUaiiHple cuTyanud. IIpakTnyeckasi 3HAYMMOCTb. Y4eT 0COOCHHOCTEH YCIIOBHH,
B KOTOPBIX OYAYT BBIIOJHATHCS ClacaTelbHBIE U aBAPHUITHO-BOCCTAHOBHUTEIBHBIE PabOTHI Ha JKEJIE3HOAOPOKHOM
TPAHCIIOPTE, MO3BOJIUT MOBBICUTH ONEPATUBHOCTH PA0OT M 3(PEKTUBHOCTH B3aUMOJCHCTBUSI OPTaHOB YIPaBICHUS
U cwl (QYHKIMOHAIBHOM IIOJICHCTEMBl NPENYNpPEXICHUS W pearupoBaHMs HA YIpo3y WIM BO3HMKHOBEHHE
Ype3BbIUANHBIX CUTYaIUH.

Kniouegvie cnosa: dpe3BbIYaiiHBIE CUTYallMd Ha JKEJIC3HOAOPO’KHOM TPAHCHOPTE; 0COOCHHOCTH OpraHW3allly;
aBapUHHO-BOCCTAHOBUTEJIbHBIE PAOOTHI; ONEPATHBHOE PearnpoBaHUE; BOCCTAHOBHUTENBHBIA 1M0€3]]; TOXAPHBIA MO-
e3]
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ORGANIZATION PECULIARITIES OF ACCIDENT RECOVERY
WORKS DURING EMERGENCY SITUATIONS AT RAILWAY
TRANSPORT

Purpose. The work is aimed to generalize the information on the current state and organization peculiarities of
the rescue and emergency works during the elimination of emergency situations at railway transport of Ukraine.
Methodology. In the process of research, the analysis methods were used to study the content and main provisions
of domestic and foreign scientific publications, normative legal acts of Ukraine and other sources on conducting
accident recovery works during elimination of the emergency consequences at railway transport. Findings. Taking
into account the positive domestic and foreign experience in conducting rescue and emergency works during elimi-
nation of transport accidents at railway transport, the aims of practical application and interaction of the administrat-
ing authorities and the forces of functional subsystem of prevention and response to the threat or occurrence of
emergency situations are expanded in the work. It is determined the possibility to take these peculiarities into ac-
count when planning, organizing and performing accident recovery works during elimination of the emergency con-
sequences at railway transport. Originality. The obtained results make it possible to widen the concept of "emer-
gency situation at railway transport"”. The functions and tasks of administrating authorities, forces and means of the
functional subsystem of prevention and response to the threat or occurrence of emergency situations at the state,
regional and object level are determined. It was described the interaction organization of the emergency operations
centers, coordinating organs and civil defense forces during response to emergency situations. Practical value. Tak-
ing into account the peculiarities of the conditions in which the rescue and accident recovery works will be carried
out at railway transport will allow to increase the efficiency of works and interaction of administrating authorities
and the forces of functional subsystem of prevention and response to the threat or occurrence of emergency situa-
tions.

Keywords: emergency situations at railway transport; organization peculiarities; accident recovery works; opera-
tional response; emergency train; fire train
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METHODOLOGY OF DETERMINING THE PARAMETERS OF
TRACTION ELECTRIC MOTOR FAILURES WHEN OPERATING
TROLLEYBUSES

Purpose. The work is aimed to study the change in parameters of traction electric motors of trolleybuses during
operation and improvement of the technical state control system, using modern diagnostic methods.
Methodology. Solution of the scientific problem is based on the control of technical state and change in the parame-
ters of traction electric motors in the process of operation. For analysis of operational factors, we used the method of
mathematical statistics and probability theory. Mathematical modelling and design of experiment, multifactor re-
gression analysis provides an assessment of the reliability of the electric traction motor elements. Physical and sta-
tistical methods provide for research and detection of patterns of influence of the factors that accelerate the wear of
parts. This allows us to generate models of system reliability that take into account the influence of operational fac-
tors on the reliability. Findings. As a result of the studies we obtained quantitative characteristics of the reliability of
commutator and established that the failures of traction motors make up 20% of all failures of electrical equipment.
We analysed the operation conditions of traction electric motors and determined the failure distribution law
N{my,ox}, which allows assessing the progression between gradual failures. We obtained a mathematical model
characterizing the object operation. A generalized equation of the failure rate of elements for traction electric motor
(TEM) was found. We improved the estimation methods of reliability of TEM element base that makes it possible to
determine the ETM lifetime taking into account the features of each trolleybus. We established the failure rate of
commutators using physical and statistical methods. Originality. For the first time, the choice of physico-statistical
methods of simulation and reliability calculation was substantiated. We determined the regularities of change in
parameters of the trolleybus traction electric motor elements, which makes it possible to control the processes of
their wear in the operation conditions. We developed a mathematical model for estimating the traction electric
motor reliability, based on a system analysis of the probabilities of failures of subsystems to be diagnosed.
Practical value. Based on the results of the study, we developed practical recommendations for rational choice of
diagnostic parameters of traction motors. Their implementation at the enterprises of electric transport will increase
reliability of electric motors in general up to 10%. It is proposed to use the results of the work in the educational
process and in the research work of students at the Department of Electric Transport of the O.M. Beketov National
University of Urban Economy in Kharkiv. The developed methodology for determination of parameters of traction
electric motors when operating trolleybuses allows assessing the reliability of any type of trolleybus traction motor.

Keywords: electric transport; traction electric motor; diagnosing; operating reliability; failure rate
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Introduction

Trolleybuses are equipped with traction electric
motors of direct and alternating current, which de-
termine the functional purpose of the rolling stock
as a whole.

The main task of the operation of urban electric
transport, in particular that of trolleybuses, is to
ensure uninterrupted process of transportation of
passengers, traffic safety on routes, as well as elec-
trical safety.

Providing the appropriate level of reliability of
traction electric motors is an urgent task that con-
tributes to the efficiency of urban electric transport
in general [1].

It is possible to obtain the solution of the prob-
lem by saving resources and controlling parameters
in the process of the object operation. This can be
achieved by ensuring the quality of maintenance
and timely control of the relevant parameters of the
traction electric motors while operating trolleybus-
es on routes. This set of tasks emphasizes the rele-
vance of the work [1, 2].

Purpose

The main purpose of the work is to study the
change in parameters of traction electric motors of
trolleybuses during operation and improvement of
the technical state control system, using modern
diagnostic me.

According to the purpose of the work, the fol-
lowing tasks are defined:

— To study the parameters of traction electric
motors of trolleybuses in the course of their opera-
tion, to obtain quantitative characteristics of the
commutator reliability and to define the failure
distribution laws;

— To establish the mathematical expectation of
the time between failures of the commutator ele-
ments;

To define the commutator wear rate distribution
law;

To develop the methods of failure prediction
for trolleybus traction electric motor elements.

Solving these tasks will increase the operational
reliability of trolleybus traction electric motors.

Methodology

The achievement of this purpose is based on the
control of technical state and change in the pa-

rameters of traction electric motors in the process
of operation.

Analysis of operational factors is carried out
using methods of mathematical statistics and prob-
ability theory. To evaluate the reliability of traction
electric motor elements, the method of mathemati-
cal modeling and the design of experiment are
used.

The history of the development and improve-
ment of methods for assessing reliability allows to
distinguish two main stages: the study of statistical
parameters and analysis of physico-statistical cha-
racteristics.

Comparison of methods in terms of accuracy of
the obtained parameters and the adequacy of simu-
lated processes makes it possible to highlight their
features.

This allows us to form the system reliability
models that take into account the influence of
operational factors [1, 2].

The failures of traction electric motors largely
depend on the properties of the design, materials,
load modes and operating conditions. Quantitative-
ly, they can be estimated by probabilistic-statistical
characteristics.

A significant number of works is devoted to the
issue of increasing the reliability of traction electric
motors (TEM) of trolleybuses [3-5, 9, 12, 13]. How-
ever, most of them do not meet the necessary re-
quirements to ensure maximum accuracy of assess-
ment and forecast during the trolleybus operation.

To diagnose electric motors of trolleybuses, we
determined the intensity of change in parameters,
which contributes to the disturbance of switching
of the motors due to the intense wear of the com-
mutator. This phenomenon reflects a deterministic
process.

In order to determine the intensity of wear of
the traction electric motor commutators, we carried
out the studies in the conditions of trolleybus oper-
ation in Ukraine. Herewith we took into account
the geometry of the commutators and the state of
the contact surface. These studies confirmed the
well-known provisions on the random nature of the
wear intensity of the commutator.

Based on the main property of inconsistent
events, the sum of probabilities will be equal to
one. If the random variable x is expanded at inter-
vals, then it is possible to obtain probability char-
acteristics, or the failure distribution law.
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According to the statistical analysis, we deter-
mined the characteristics of the mathematical expec-
tations and the commutator wear intensity, taking
into account the state of the contact surface [9, 12].

Findings

The studies have shown that in most cases, the
wear of commutators obeys the Gaussian distribu-
tion law N {my, ox}. But the influence of operational

factors on the characteristics can vary with the
running time. The form of the distribution of the
commutator wear V. from the probability of scat-
tering of the stagnant failures will be the empirical
dependencies shown in Fig. 1, with the corre-

sponding parameters m, i and o, for different
commutators.
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Fig. 1. Empirical dependencies of distribution of the commutator wear rate:
1 —normal palette with black-out of plates; 2 — plate burning;
3 — abrasive destruction of the oxide film;
4 —circular and chaotic burning

If we accept the change in the commutator wear
intensity as a diffusion process, then, after the end
of the working period (in the stable period), it fluc-
tuates relative to a certain level. The time between
failures T in this case is determined by the formula
[9, 12]:

M)

where AH — allowable value of wear, um; f(x) —

distribution density;

If the wear of the commutator is subject to the
Gaussian law, then the formula will have as fol-
lows:

T AH 1

by,

262

)

Texp X

o271 0

where o— mean square deviation; x— a random
variable; x —average value of random variable.

Studying the dispersion of the parameter P and
the characteristics of the commutator reliability,
depending on the state, showed that the contact
surface may have a varied colour and composition.
The normal palette of plate surfaces has a uniform
oxide film without traces of erosion. The plate
black-out or chaotic burning shows the destruction
of the contact surface by different schemes.
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In the case of plate burning there is oxide film
destruction, which affects the commutation process
and the reliability of the commutator unit. Results

of the study of pre-statistical characteristics of the
commutator elements wear are shown in Fig. 2

pod

30 \ \

\/ Normal \
60 palette \

40 \

Plate
burning

30 \
m =217-107*
o, =103-10"*
10

\
5 \pasme\
\

A

\
\

_Vk'la’j

0 1.5 2

Fig. 2. Dependence of commutator

Graphic dependencies demonstrate the signifi-
cant influence of the plate burning on the disper-
sion of reliability characteristics.

In case of black-out or the normal state of the
oxide film, the dispersion level is almost two times
lower than that of commutators with plate burning.

In general, one can note the following: the level
of dispersion of the gradual failure of the commu-
tators is high, which requires the turning of the
commutators and practically complicates the com-
bination with planned types of technical inspec-
tions and repairs.

Practice shows that during TEM operation
commutator turning is often performed. This is
explained, as was shown earlier, by the magnitude
of the spread of the mean time between failures.

The spread of the characteristics of wear is
mainly determined by the state of the surface of the
plates, the properties of the switching process, vi-
bration. Accelerated wear of commutators requires
premature turning, which is performed mainly dur-
ing unscheduled repairs. Due to frequent grinding,
this group of commutators prematurely runs its
course.

But there is a group of commutators that has
low wear intensity. In this case, grinding occurs
during scheduled repairs when the parameters and
condition of the commutator allow it to be used
until the next scheduled repair, which involves re-

6 10 rmi"cf;hw

reliability on the nature of its wear

duction of the resource.

The results of studies are important, which is
that the deformation of the commutator during op-
eration is considered as a random process. This
gives a qualitative estimate of the change in the
commutator geometry under exploitation condi-
tions.

The conducted studies allowed determining the
laws of changing the commutator geometry, de-
pending on the operating time and condition of the
palette of different types of traction electric mo-
tors. This confirms the increase in the life of the
commutators without having to be turned in the
interval between repairs.

The degree of wear of the brushes depends on
the state of the commutator working surface, the
armature and pole winding and the insulation
(switching stages).

The wear of the brushes is based on the fact
that the destruction of individual areas of the fric-
tion surface and the separation of the material in
the form of wear products is due to repeated inter-
action of the projections of rough friction surfaces.
Interaction of friction surfaces is accidental. Con-
sequently, the microgeometry can be determined
only by means of the functions of the distribution
of surface areas at the height by the reference
curves.
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Since the projections on surfaces have different
height and shape, then the magnitude of the stress-
es and deformations that arise during the interac-
tion will also be characterized by a certain spec-
trum. This allows us to determine that the process
of destruction from weariness can be considered
accidental.

The condition of friction pair «commutator-
electrical brush» is characterized by a certain set of
loads, speeds and other parameters that have a sig-
nificant effect on their wear. Significant impact on
wear is also caused by specific pressure of the
brush springs on the brushes. As the practice of
exploitation shows, the wear of electro-brushes of

different types has significant deviations of pre-
statistical characteristics. The fig. 3 shows the
graphic dependences of the of wear rate of the
brushes of different types V on the probability of
dispersion of the gradual failure of the brushes.

Taking into account the statistical data, we de-
termined the mathematical expectation, the mean
square deviation, and the variance of the intensity
of the wear of the brushes [9, 12-14]. This makes it
possible to make a comparative analysis of various
variants of assembly units of commutators. How-
ever, in practice, the combination with planned
types of technical inspections and repairs is com-
plicated.

P,%A
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Fig. 3. Dependence of wear rate of the brushes of different types:
1 — wear distribution curve of EG-2A type brushes; 2 — wear distribution curve of EG-62 type brushes;
3 — wear distribution curve of EG-74C type brushes

The value of the mean square deviation of the
wear intensity indicates a high degree of dispersion
of the reliability parameters (see Fig. 3). From the
given data it is seen that the time between failures
is characterized by a high level of dispersion for
uneven wear. This indicates that the failure of the
brushes occurs between the repairs, which creates
the preconditions for unscheduled work to elimi-
nate failures and increases operating costs.

Thus, a decrease in the dispersion between fail-
ures will allow concentrating the change of brushes
of ultimate wear on scheduled repairs.

As the practice of trolleybus traction electric
motors shows, the failures of system elements can
be caused by the inconsistency of load factors af-
fecting the increased wear. Such influence extends

to each element of the system separately or togeth-
er, and levels can take different values. Temporary
and quantitative characteristics depend on operat-
ing conditions, under which such factors as ambi-
ent temperature, barometric pressure, pollution,
frost, snow, etc. operate.

The factors that affect the elements of the trac-
tion electric motors include temperature, vibration,
current, voltage, power, humidity, frequency of
rotation; we denote them as f,...f,. The part of

these factors under operating conditions varies de-
pending on load modes and affects accordingly the
elements of traction electric motors.

The failure rate with factors of
[9-12]:

influence
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M (f)=kexplc £}, ©)

where f, — variable parameter depending on the
operating conditions; ¢, — load factor
G =G...C);

k. — coefficient with regard to the properties of the

design of the traction electric motor, the state of
gap in the joints of parts; i = 1...7 — influence fac-

tors with regard to current, vibration, power, volt-
age, etc.

The fig. 4 shows the dependence of the failure
rate of the insulation for traction electric motors A
on the nominal value of the load mode fin. De-
pendencies are constructed for different implemen-
tations of the load factor ¢ (c1 = 0.073; ¢, = 0.146;
c3=0.219; ¢4 = 0.299; ¢5s = 0.365; cs= 0.438; ¢7 =
0.511).

5 A
)’

=

f]r. %
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Fig. 4. Dependences of failure rate of the traction electric motor isolation A on the nominal value
of loading mode fin and various realizations of the load factor ¢

The shown factors are independent and operate
simultaneously. Failure of an element due to one of
the factors leads to system failure.

The dependence of the failure rate of the trac-
tion electric motor element on the failure rate by
factors is taken linear and has the form:

M Fref) =Ry (F) 2 (F2)ee 2 (1),

or

[T (f

i=1

(4)

Numerous studies [3-8, 10-12] and operational
data show the distribution law for the probability
of failure-free operation for some elements of the
traction electric motor. For relaxation failures in
time t this is a product with the parameter A, ,
This parameter is determined taking into account
the normal law of the distribution of failures
N{m,,s }. E(A,;t) Then the reliability of Py (t)
element for the independence of the parametric
and the relaxation N(m,;s,;t)failures will be

equal to the product:

R (1) =E(::t)N(m;oyst), (5)
where E(A,;t) =exp{r;t}
N(m ;o ;t)=1 GJ—I/EXP{ x :k) }dx-
k
R (t)=E(Ags;t) N (t:myy ;0144 ) (6)

Based on the data (see Fig. 4), for the given
value of the load factor c, the reliability character-
ristics for the assembly element are calculated:

m; = 3.8~10'4; o1= 5-10’4; c1=0.776;
m,=1.1-10% o,=1.7-10% c,= 0.742;
ms=1.7-10"* o53=2.6-10"%; c3= 0.736.

From the given dependencies it is clear that the
parameters of the composite structure of the model
significantly affect the reliability of the traction
electric motor.

For my = Mkn; 0k = oH; Ak =
will look as follows:

Expression of the failure rate for a particular
structural scheme of an element will have the form:

Akn the equation (5)
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M (i 1) =2 (1),

By making the appropriate substitution, we can
obtain the equation [16-18]:

M (8 £ Ty fy) = kMilnl{dsfs}x

m

(7)

7 . .
cop Y d f 1| K ONEMo)) L
i dt N(t;m;oy)

where k is the coefficient taking into account the
properties of the traction electric motor design,
namely the state of the gap in the part joints;

M, is a mathematical expectation;

The obtained dependences for various load fac-
tors indicate that the effect on the failure rate for
a particular structural scheme of the element A is
not the same (Fig. 5). In the general case, the equa-
tion that binds the failure rate, the probability of
failure-free operation and derivative, depends on
the load factors and may have the following form:

A

1 dP, (t; fy....T;) ®)
P (to; fy.. ;) dt

Thus, we have an important condition under
which the expression connects the failure rate with
the parameters of the load element.

To diagnose the technical condition of the turn
and main insulation we take into account the pa-
rameter change processes under the influence of
the heating temperature. The combination of
changes in the factors influences the level and na-
ture of the TEM load.

During the study of the reliability of the trac-
tion motor during operation, it is important to pro-
vide an opportunity to analyze the reliability of the
insulation, taking into account the number of avail-
able factors.

Therefore, it is important to have such a re-
search scheme that would cover, if possible, fac-
tors that are not significant, but in aggregate have
a great influence on the assessment of reliability
parameters.

My (8 £y ) =—

29

A J0F0 o

%

0.2

0.4
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06 08 10

Fig. 5. Influence of load modes on the failure rate of insulation of armature winding

for electric motors A against the nominal value of load mode fin:
the curves 1-7 are load factors

We will show this for the insulation of armature
winding when determining the dependence of the
probability of failure-free operation of a system
element on the base space elements. To do this
from the factor space elements we select the base
space elements.

Let us suppose: g: is the flow rate of the cool-
ing air from 0 to 80 m*/min; g is the voltage from
0 to 700 V; gz is the current of 0 to 720 A;
04 is the air humidity of 98 %.

In the process of research, there are some diffi-
culties in choosing the main factors. Thus, the
temperature depends on the insulation, which de-
pends on the electrical, magnetic, mechanical loss-
es, and they, in turn, depend on the current, air
flow, the frequency of the armature rotation, etc. If
we take into account that they are correlated with
each other to varying degrees, then the formaliza-
tion of the process will not take place. Therefore,
only factors of direct influence are taken into ac-
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count, in particular the temperature of heating of
insulation, etc.

The method of multivariable regression analy-
sis in the presence of statistics that characterizes
the work of the object, allowed us to obtain a re-
gression model of temperature dependence on the
base space elements and load modes, taking into
account the effects of pressure:

f, =d;0; +d,g; +d;Xx+d,0; + dll@h2 +b* +
+d11X2 +0;3050; —d30; — 050, gsX +d; X+ by, (9)

where x is a random variable that has the form of
the dependence of the rotational frequency on the
voltage g, Then there will be an expression:

f,=d,g+dykg, +0; +0 +k’07 + 95 +
+0,0; — 95 — k0,095 — 9, —Kg,0; +kg,. (10)

By summing the similar and transforming the
right side (10) we obtain the equation:

2 2.2
fi =ug, +U,Kg, +U;0; +U,0; +Usk"g; +

+U69:§ —U;0,0, —Ugkg, g3 +Ug0,05 +Up, (11)

where Uo...ug are the factor space elements.

The equation (11) characterizes the dependence
of temperature as an element of the factor space on
the strength of current, the flow of cooling air and
voltage.

Similarly to the vibration parameter, depending
on the frequency of the armature rotation, we have:

f, =k =kkg,, . (12)

Substituting the obtained expressions into the
basic equation (7) of the element failures rate, we
obtain a generalized equation:

k |, _
Ay (t;gl...gA)zM—In 1(1+dlgf)exp >dyg’gy
n i=2
j=2
i<j

X{k +[_dN (t;(;r;k 15y) . (t;rrl1k;ck)ﬂ (13)

From equation (13) we find the characteristics
of the failure rate against the factors by solving the
differential equations of the form:

1 dR, (t;9;...0,)
P (t;9...94) dt

Thus we obtained the dependences of the prob-
ability of failure-free operation on the temperature
and load modes.

The calculation of reliability made it possible to
estimate the level of the system element failure

rate, which is A =1.29x10°km. The failure rate
when exceeding the factor levels by 1.5 times
gives the magnitude of the failure rate

A =2.23x10"°km.

The obtained results show that in the presence
of exploitation data, it is possible to predict the
failure rate by calculation and, based on the given
service life, to predict the probability of failure-
free operation.

Consequently, it is possible to predict the fail-
ure rate of all elements of traction electric motors
without exception and by using compositional
models to determine the reliability of the whole
system.

Rational choice of diagnostic parameters of
traction motors will increase their reliability in
general up to 10%.

The conducted researches provide the basis for
further  development of the calculation-
experimental method for estimating the parameters
of the maintenance system of trolleybus traction
electric motors, which reached the end of their as-
signed service life.

The proposal for practical use of the method of
structural and functional analysis of the reliability
of the traction electric motor elements allowed for
the particular structural assembly to obtain ade-
quate estimates of the reliability parameters [9,
12].

These methods allow making a calculation of
pre-statistical characteristics parameters of failures
and damages of parts and units, on the basis of
which it becomes possible to adjust the parameters
of inter-repair runs of the trolleybus traction elec-
tric motor as a whole.

My (t;gl"'g4): .(14)

Originality and practical value

For the first time, the choice of physico-
statistical methods of simulation and reliability
calculation was substantiated. We determined the
regularities of change in parameters of the trolley-
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bus traction electric motor elements, which makes
it possible to control the processes of their wear in
the operation conditions. We developed a mathe-
matical model for estimating the traction electric
motor reliability, based on a system analysis of the
probabilities of failures of subsystems to be diag-
nosed.

Based on the results of the study, we developed
practical recommendations for rational choice of
diagnostic parameters of traction motors. Their
implementation at the enterprises of electric
transport will increase reliability of electric motors
in general up to 10%.

It is proposed to use the results of the work in
the educational process and in the research work of
students at the Department of Electric Transport of
the O.M. Beketov National University of Urban
Economy in Kharkiv.

The developed methodology for determination
of parameters of traction electric motors when op-
erating trolleybuses allows to assess the reliability
of any type of trolleybus traction motor.

Conclusions

1. As a result of the conducted research we ob-
tained the quantitative characteristics of the com-
mutator reliability. It has been established that the
failure of traction motors make up 20% of all fail-
ures of electric equipment. Conditions of operation

of traction electric motors were analysed. We de-
termined the failure distribution law N {my, &},
which allows assessing the progression between
gradual failures.

2. We obtained the mathematical model (9) us-
ing the multi-factor regression analysis method in
the presence of statistics. This model characterizes
the work of the object. We also obtained the gener-
alized equation of the failure rates (13) of the TEM
elements. We improved the method of estimating
the reliability of the elemental base of traction
electric motors. The obtained solution allows to
determine the TEM service life taking into account
the characteristics of each trolleybus.

3. We established the intensity of commutator
wear using the distribution law. The calculation of
reliability parameters allowed to estimate the level
of the system element failure rate. In case of excess
of the wear intensity factors by 1.5 times the pa-

rameter 1. =1.29x107°(km) is changed by the val-

ue of 1 =2.23x10"°(km).

4. The use of composite models and necessary
calculation methods will allow to predict the fail-
ure of elements of the trolleybus traction electric
motors. Practical recommendations, taking into
account the research results, will increase the relia-
bility of TEM up to 10%.
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METOJOJIOI' TSI BUSHAUYEHHS ITAPAMETPIB BIIMOB TSITOBUX
EJEKTPUUYHUX JBUT'YHIB IIJ] YAC EKCIIJTYATAIIII
TPOJIEMBYCIB

Merta. Y po0oTi He0OXiTHO TPOBECTH JOCITIHKEHHS 3MIHM MapaMeTpiB TAroBux enekrpudaux AsuryHis (TEJ)

TpoJIeii0yciB y mpoleci eKkciuryaTtanii i yJZOCKOHAJICHHS CHCTEMH KEpyBaHHS TEXHIYHHUM CTAHOM 3a JIOTIOMOTOIO
BUKOPHUCTaHHS Cy4acHHUX METOJIB JiarHocTyBaHHs. MeTtoauka. Po3B’s13aHHs HayKoBOi 3a/1a4i 0a3yeThest Ha IPOLEypi
KOHTPOJIFO TEXHIYHOTO CTaHy i 3MiHM IapamMeTpiB TATOBHX €JIEKTPHYHHX JBUTYHIB Yy Tporieci excrutyaramnii. st anamizy
eKCILTyaTaliiHNX (haKTOpiB 3aCTOCOBAHO METO/I MaTeMaTHYHOI CTaTHCTHKH 1 Teopii iiMoBipHOCTI. MaTremaTniHe MOZENIo-
BaHHS ¥ IUIAHYBaHHS €KCIIEPUMEHTY, 0araTopakTOpHUI perpeciiHuil aHasi3 Jae OLHKY HaJiHOCTI €JIEMEHTIB TATOBHX
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CIIEKTPIYHUX IBHUTYHIB. (Di3WKO-CTATUCTIYHI METOIW TependadaroTh IOCHIHKEHHS W BHABICHHS 3aKOHOMipHOCTEH
BIUIMBY (DaKTOpiB, sIKi MPUCKOPIOIOTH 3HOC aertaneil. Lle mo3Boiste chopmyBaTH MOJelNi HAIIMHOCTI CHCTEMH, IO
BpaxoBYIOTh BIUIMB €KCIUTyaTallifHUX (hakTopiB Ha HamiiHICTh. Pe3yabTaTn. ABTOpaMu y pe3yibTaTi MPOBEACHUX
TOCTIKCHb OTPHUMAHO KiTBbKICHI XapaKTepUCTHKH HATIMHOCTI KOJEKTOPHO-IIITKOBOTO BY3Ja Ta BCTAHOBIICHO, IO
BIZIMOBH TSTOBHX JIBUT'YHIB cKianaioTh 20 % Bij ycix BiAMOB enekTtpoobnanHanHs. [IpoaHanizoBaHo yMOBH eKc-
TUTyaTarlii TATOBHUX eJEKTPHYHMX IBUI'YHIB i BU3HAUEHO 3aKOH po3mofiny BimMoB N{my,ox}, 10 M03BOJISIE OMiHUTH
HaNpalioBaHHs MK HOCTYNOBHUMH BigMoBamu. OTpHUMaHO MaTeMaTH4YHY MOJEJb, sIKa XapakTepusye poOoTy
00’exTa miJ yac ekciutyaranii. 3Hai/IeHO y3arajibHeHe PIBHSHHS IHTEHCHBHOCTI BiJIMOB €JIEMEHTIB TATOBUX €JIEKT-
POJBHI'YHIB. ¥YIOCKOHAJIEHO METO/M OLIHKHM HaJAIHHOCTI €JIeMEHTHOI 0331 TATOBHX €JIEKTPO/BUTYHIB, SIKa J03BOJISIE
BusHauntu pecypc TEJ] i3 ypaxyBaHHSM 0COOIHMBOCTEH KOXHOTO Tpouieiibyca. BcTaHOBIEHO iHTEHCHBHICTH 3HOCY
KOJICKTOPIB 13 BUKOPUCTaHHAM (i3UKO-CTATHCTHYHMX MeToniB. HaykoBa HoBM3HA. Ynepiie oOIpyHTOBaHO BHOIp
(i3UKO-CTaTHCTUYHUX METO/IB MOJICITIOBAHHS W pO3paxyHKy HaAilHOCTI. BCTaHOBICHO 3aKOHOMIPHOCTI 3MiHH Ta-
paMeTpiB eIeMEHTIB TATOBUX €JICKTPOABUTYHIB TPOJNIEHOyCiB, 0 Ja€ MOKIMBICTE KOHTPOJIOBATH MPOIECH iX 3HO-
IIyBaHHS B yMOBax ekciuryartamii. CTBOPEHO MaTeMaTHYHy MOJENb OLIHKKA HaIiHOCTI TATOBOTO €JIEKTPUYHOTO
IIBUTYHA, sika 0a3yeThCs HAa CHCTEMHOMY aHali3i HMOBIpHOCTEH BiAMOB IiJCHCTEM, IO IMiUIATAIOTh JiarHOCTYBaH-
Hio. IIpakTyHa 3HauMMicTh. Ha OCHOBI OTpMMaHUX pe3yNabTaTiB AOCIIKEHHS pO3pOOJICHO MPAKTUYHI PEKOMEH-
JAIlii mo0 parioHaIbHOTO BHOOPY MiaTHOCTHYHHX ITAPaMETpPiB TATOBHUX BUTYHIB. Ix peaitizaris Ha MiIIpHEMCTBAX
€JIEKTPOTPAHCIIOPTY JO3BOJIUTH MiABUIIMTH HAIHHICTD €JIEKTPUYHUX JBUI'YHIB Yy oMy 1o 10 %. 3amponoHoBaHo
BUKOPHCTOBYBaTH PE3yJbTaTH POOOTH B HaBYAILHOMY IPOILEC Ta B HAYKOBO-IOCTIJHUIBKII poOOTI CTYIEHTIB Ha
Kadenpi eneKTPUYHOro TPAHCHOPTY XapKiBChKOTO HAI[IOHAJIFHOTO YHIBEPCHTETY MIChbKOTO rocrmojaapcrsa imeHi O.
M. BekeroBa. Po3po0iieHa METO/10JI0TisS BU3HAUSHHS TApaMETPiB TATOBUX EJIEKTPUYHHX JIBUTYHIB I/ 4ac eKCILTya-
TaIil TPOJICHOYCIB H03BOJISE MPOBOAUTH OIIHKY HaIIHHOCTI OYy/b-sIKOTO THITY TATOBOTO JBUTYHA TpoJieiiOyca.

Kniouosi crosa: eneKTpUYHUI TPAaHCIIOPT; TATOBUH €JIEKTPUYHMI NBUTYH; NIarHOCTYBaHHS; eKCIUTyaTalliiiHa
HaaiiHICTh; IHTEHCUBHICTH BIJIMOB
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METO/I0JIOT sl ONIPEJAEJEHUS TAPAMETPOB OTKA30B
TSATOBBIX DJIEKTPHUYECKHNX JIBUTATEJIEN ITPU SKCIIYATAIIUA
TPOJLJIEUBYCOB

Leas. B pabore HE0OX0MMO NPOBECTH HCCIIENOBaHNE M3MEHEHHS IIAPaMETPOB TATOBBIX AJIEKTPOIBHIATEINCH
(TOM) TposueitdycoB B mpolecce 3KCIUTyaTallik M COBEPIICHCTBOBAHMS CHCTEMbI YIPABICHHUS TEXHHIECKUM CO-
CTOSIHUEM ITOCPEJICTBOM HCITOJB30BAHNS COBPEMEHHBIX METOIOB AWAarHOCTHKH. MeToauka. Pemenne HaydHOH 3a-
nadn OazupyeTcd Ha MpoIeType KOHTPOJS TEXHHIECKOTO COCTOSIHUS M M3MEHEHHS MapaMeTpOB TATOBBIX JICKTPH-
YEeCKHX JIBUTATENIeH B IMpoIlecce SKCIuTyaTannu. s aHaiam3a SKCIUTyaTallMOHHBIX ()aKTOPOB MPUMEHEH METOJ Ma-
TEMaTHYECKON CTAaTUCTHKH W TEOPUH BEPOATHOCTH. MaTeMaTHUeCcKOoe MOJEIHPOBAHUE W IIAHUPOBAHHE JKCIEPH-
MEHTa, MHOTO(aKTOPHBIN PEerpeCCHOHHBIN aHAIN3 JaeT OICHKY HaJIeKHOCTH JJIEMEHTOB TATOBBIX 3JIEKTPHUECKUX
nBurareneil. PU3NKO-CTaTHCTUYECKHE METOABI IPEIyCMaTPUBAIOT UCCIICAOBAHNS M BBISBICHUS 3aKOHOMEPHOCTEH
BIMSHHA (PAKTOPOB, KOTOPBIE YCKOPSIIOT M3HOC JeTaieil. ITO MOo3BOJSEeT CHOPMUPOBATH MOJICIN HA/IEKHOCTH CH-
CTEMBI, YUNUTHIBAIOLIHNE BINSHHUE SKCIUTyaTallMOHHBIX ()aKTOPOB HA HAZEKHOCTh. Pe3ysabTaThl. ABTOpaMu B pe3yiib-
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Tare NPOBEICHHBIX MCCICJOBAaHUH IONTYyYCHBI KOJIMYECTBCHHBIC XapaKTEPHCTHKU HAIEKHOCTH KOJJIEKTOPHO-
IIETOYHOTO y3JIa U YCTAHOBJIEHO, YTO OTKA3bl TSATOBBIX JBUraTeneit coctaBisaioT 20 % 0T BCeX OTKa30B 3IEKTPO0OO-
pyznoBanus. [IpoaHaau3upoOBaHbl YCIOBHS IKCINTyaTallM TATOBBIX JICKTPHYCCKHUX JABUraTeNeil M OnpeeieH 3aKoH
pacnpenenerus 0TkazoB N {My,ox}, 4TO MO3BOJSIET OLIEHUTh HAPAOOTKU MEXAY MOCTEIICHHBIME OTKa3amu. [lomyde-
Ha MaTeMaTHYecKash MOJeib, KOTopas XapakTepusyeT paboTy oOBekTa BO BpeMs 3KcIinryaTannu. HaiimeHo 00600-
IICHHOE YPaBHEHHWE HHTCHCUBHOCTH OTKA30B JICMEHTOB TATOBBIX AJICKTPOJBUIATENeH. Y COBEPLIICHCTBOBAHBI METO-
JIbl OLICHKH HaJIeKHOCTH AJIEMEHTHOM 0a3bl TATOBBIX 3JEKTPOABUTATENICH, KOTOpPas IMO3BOJIAET ONPENEIUTh pPECype
T3J] ¢ yueToM 0COOEHHOCTEH KaKIOro TpoJuieiidyca. YCTaHOBJIEHa MHTEHCHBHOCTh W3HOCA KOJUIEKTOPOB C HC-
MOJIb30BaHUEM (PU3MKO-CTATUCTUYECKUX MeTonoB. Hayunass HoBu3Ha. Buepsble 00ocHOBaH BbIOOp (DH3UKO-
CTaTUCTUYECKUX METOJOB MOJIEJIMPOBAHUS M pacueTa Ha/JeKHOCTH. YCTaHOBIICHbI 3aKOHOMEPHOCTH H3MEHEHUS
MapaMeTpoB DJIEMEHTOB TATOBBIX 3JICKTPOABUTATENEd TPOJIEHOYCOB, YTO JIaeT BO3MOXHOCTh KOHTPOJIMPOBATH
MPOLIECCHl UX M3HOCA B YCIOBHSX KcIUTyaTtanuy. Co3aHa MaTeMaTHYecKas MOJeIb OLCHKN HaJIe)KHOCTH TATOBOTO
3NIEKTPUYECKOrO JBHTATENs, KOTOpask 0a3upyeTcss Ha CUCTEMHOM aHAJIN3€ BEPOSTHOCTEH OTKa30B IOJCHUCTEM, IO .-
JeXaIUX AUarHocTHpoBaHuio. IlpakTuyeckas 3Ha4UNMOCTb. Ha OCHOBE IOTyYeHHBIX Pe3yJIbTaTOB HCCICIOBAHUS
pa3paboTaHbl MPAKTHYCCKHE PEKOMEHIAUH MO0 PAllMOHAJIBHOMY BBHIOOPY IMAarHOCTHYSCKHX MapaMeTPOB TATOBBIX
nBuratereil. Ux peanmusanys Ha NPEINPUATHSAX JIEKTPOTPAHCIIOPTA MO3BOJMT MOBBICHTH HAIIGKHOCTH DIICKTpUYE-
ckux apuratened B meiaoMm 10 10 %. IlpemnoskeHO HCMONB30BaTh pE3ynbTaThl pabOTHl B ydeOHOM Iporiecce
U B Hay4HO-HCCIEJ0BaTeIbCKONH paboTe CTYACHTOB Ha Kadeape MEeKTPUIECKOT0 TPaHCIOpTa XapbKOBCKON HAIHO-
HaJbHOH aKaJeMHHU TOpoJCcKoro xo3siicTsa uMeHu A. H. Bexerosa. PaspabGoranHast MeTO0JIOTHS ONPEACIICHUS TIa-
pPaMEeTpOB TATOBBIX AIIEKTPHUYECKUX JIBUraTelIedl MpH KCIUIyaTallud TPOJUICHOYCOB MO3BOJISIET MPOBOAUTH OLCHKY
HaJIeAKHOCTH JIF0OO0T0 THIIA TATOBOTO JBUraTeNs Tpoiuleiidyca.

Kniouesvie crosa: 3neKTpUUECKUH TPAaHCIOPT; TATOBBIA 3JIEKTPUYECKUH JBUTATENb; AMArHOCTHPOBAHHE; JKC-
IryaTallMOHHasd HaAACKHOCTh, MHTCHCUBHOCTb OTKAa30B
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OPTIMAL STRUCTURAL RESERVATION OF TECHNICAL SYSTEMS

Purpose. The purpose of the article is to give designers of highly reliable technical systems that do not have special
knowledge in the field of optimization and programming skills, a simple and accessible mathematical tool for choosing
the optimal solution for structural redundancy of systems. Methodology. The article poses the problem of optimal
structural redundancy of technical systems. Two typical redundancy schemes are considered: a) a separate «hot» back-
up scheme; b) a separate «cold» backup scheme. The computational models for estimating the reliability of redundant
systems are formulated. We offer optimization models that allow us to find a rational option for reserving a system that
is being designed, taking into account conflicting requirements for its reliability and cost. These models are numerically
implemented in the operating environment of the Excel spreadsheet as applied to the main object, consisting of 7 ele-
ments. The optimal variants of reserving this object according to the «hot» and «cold» separate reservation schemes are
given. Findings. Calculated models for estimating reliability, as well as models for optimizing the systems reserved for
the «hot» and «cold» separate backup schemes, have been developed. With the use of the Excel spreadsheet, the opti-
mal options for reserving 7 element objects are found for separate «hot» and «cold» backups. Originality. New com-
putational models for estimating the reliability of redundant systems are proposed, as well as optimization models de-
veloped on the basis of these, which are formulated using the decomposition of unknown initial problem of structural
redundancy into binary components. In this case, the obtained optimization models belong to the class of problems of
non-linear mathematical programming with binary variables, for the numerical solution of which (even for a sufficient-
ly large dimension) well-known packages of applied computer programs, in particular, the MS Excel spreadsheet, are
well adapted. Thus, the process of solving the initially very complicated problem of optimal structural redundancy
is much simpler and reduced to performing elementary actions in the corresponding software interfaces.
Practical value. The proposed calculation models for estimating the reliability of redundant systems, models for opti-
mal structural redundancy, and the methodology for their formation, in order to simplify further numerical implementa-
tion, can be useful in solving problems of ensuring the reliability of technical systems in the early stages of their design.

Keywords: system; design; reliability; structural reservation; model; optimization; binary variables

cost of designing and manufacturing the system [1,

Introduction 3, 10]. Therefore, the reliability of technical sys-

Inadequate design reliability of technical sys-
tems leads to a significant increase in the share of
operating costs in total expenditures for their de-
sign, fabrication and application. At the same time,
the cost of operation can many times exceed the

tems should be ensured, first of all, at the design
stage [2, 12, 13].

One of the main methods for ensuring the relia-
bility of the technical systems being designed is the
method of structural redundancy [6-8], which in-
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volves the use of redundant elements in the system.
The essence of structural redundancy lies in the
fact that in addition to the main (reserved) object
containing the minimum required number of ele-
ments for the normal performance of the system's
functions, in the system structure the additional
identical (in terms of performed operational func-
tions and reliability) elements are introduced.
These redundant elements are designed to perform
the work functions of the main elements. Thus,
a system with redundancy is a system containing
redundant structural components with respect to
being reserved object that perform the same work
functions as the corresponding components of the
main object. The redundant system remains opera-
ble after subsequent failure of any element if the
number of operable elements does not become less
than the minimum required number provided for
by regulatory requirements for the main object.
The problem of rational choice of one of the
several variants of the system composition always
arises during the structural redundancy. On the one
hand, to increase reliability it is desirable to pro-
vide each of the system elements with maximum
possible number of redundant elements, and, on
the other hand, it is impossible to design a system
with too large cost, weight or dimensions. There-
fore, the actual task is how to reserve the system in
such a way as to provide the required level of sys-
tem reliability at acceptable costs. The choice of
the cost characteristic is determined by the type of
the system and its purpose. For example, for air-
crafts the essential factor is weight, and for the
ground system — the cost. Regardless of the physi-
cal essence, the selected cost characteristic for
brevity below will be referred to as cost. Usually,
the problems of optimal structural redundancy of
technical systems are formulated as non-linear
programming problems, and to solve them, de-
pending on the complexity and required accuracy,
the special algorithms are used. They are based
primarily on the dynamic programming method
[6]. In this article, the initial optimization model is
represented in terms of the problem of non-linear
integer programming with binary variables, which
greatly simplifies its numerical implementation.

Purpose

The purpose of the article is to give the design-
ers of highly reliable technical systems that do not

know modern optimization methods and program-
ming skills, a simple mathematical tool for choos-
ing the optimal structure of a redundant system.

Methodology

During problem definition of the optimal struc-
tural redundancy, the main object is considered as
a system consisting of N of various elements that
have a coherent connection [4] (see Fig. 1).

- 1 2 —-— n

Fig. 1. Structural diagram of reliability
of the main object

As the main indicator of reliability of the re-
dundant system, the probability of its fail-safe op-
eration is assumed. It is believed that the failure
flow of elements put into operation is described by
the Poisson arrival [5]. Possible variants of the
main object redundancy are limited to the consid-
eration of typical schemes of separate «cold»
backup with an integer multiplicity with an ideal
switch (see Fig. 2) and «hot» backup with parallel
connection of elements (see Fig.3) [7].

Main element

-~

Redundant elements

Fig. 2. Structural scheme of reliability at «cold» backup

Main element

| r ||

Redundant elements

Fig. 3. Structural scheme of reliability at «hot» backup
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Note that, taking into account the assumptions
made, the probability of failure-free operation of
the redundant group of elements, the scheme of
structural reliability of which is shown in Fig. 2, is
determined by the Erlangian formula [5, 9]

P =y L, &)
i=0 -

and the formula for calculating the probability of
failure-free operation of a redundant group of ele-
ments, the structural scheme of reliability of which
is shown in Fig. 3, has the form

P(t)=1-(1-e™)™, )

where A — is the failure rate of the element put
into operation; r — is the redundancy rate.

Let us introduce the following designations: A, —
is the failure rate of the element of the K -th type
put into operation; m — is the maximum allowable
redundancy rate of main elements; c, — is the cost
of one element of the k -th type; x,; — is the binary
variable, equal to 1, if the number of redundant
elements of the k -th is equal to i, and x, =0, f
the number of redundant elements of the k -th type
is not equal to i; p, (t) —is the probability of fail-
safe operation of the main element of the k -th
type, over the time t

p (1) = e,

Let us consider a redundant group of elements,
consisting of the elements of the k -th type. Taking
into account the introduced designations, the prob-
ability of failure-free operation of a redundant
group at «cold» backup is estimated by formula

m i j
Rty =e > Y x, L) @)

i=0 j=0 J!

and when using the «hot» backup scheme, this
probability is represented as follows

R =Y xl-A-e™)y]. @

i=0 j=0
With neglect of the cost of switching equipment

in case of «cold» backup, the cost of the redundant

group consisting of the elements of the K -th type in
both backup schemes can be found using formula

ck=i(i.ck-xki), k=12,.,n. (5)

i=0

Taking into account the coherent connection of
the main elements and the product rule, the proba-
bility of failure-free operation and the cost of the
entire redundant system are determined as follows:

RO =] [P (6)
k=1

c.()=3cC,. @)
k=1

where X — is the matrix describing composition
of the elements of the redundant system

X0 X1 - Xqm

Xog Xop .
X = 20 21

and the probabilities P, (t)are determined using
formulas (3) and (4) depending on the backup
scheme used.

In terms of the mathematical programming prob-
lem, the following two typical statements of the task
of optimal structural redundancy are possible.

The problem 1: it is required to find the compo-
sition of redundant elements (matrix elements X))
that provides the required level of system reliabil-
ity for a given time at the lowest possible cost

C,(X) —> min
P.(X,)>P", te[0,T]; (8)
m
Zin =1 k=12,.,n
i=0
The problem 2: it is required to find the compo-
sition of redundant elements, which provides the

highest possible level of system reliability for
a given time T , with a restriction on its cost

P, (X,t) —> max
C.(X)<C"; te[0,T]; (9)

m
D %i =1 k=12,.,n
i=0

The optimization models (8) and (9) have di-
mensions nxm and belong to the class of prob-

doi : 10.15802/stp2018/141008

62

© S. N. Semenets, S. S. Nasonova, G. I. Semenets, 2018



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancrnopty. BicHuk J{HIIponeTpoBcbKOro
HaL[iOHAJIBHOTO YHIBEPCHTETY 3aJIi3HUYHOro TpaHcnopty, 2018, Ne 4 (76)

MOJJETIOBAHHA 3AJIAY TPAHCIIOPTY TA EKOHOMIKUA

lems of integer nonlinear programming with binary
variables. The model (8) was numerically realized
for cases of «cold» and «hot» separate backup us-
ing the MS Excel Solver add-in. The problem was
solved with the following initial data: n=7;

m=10; P"=0,999; T =10000 h. The failure rates
and cost of elements were taken using Table 1.

The optimal values of the unknowns x,; in cas-

es of «cold» and «hot» backup are found in Tables,
respectively, 2 and 3, and the corresponding struc-
tural diagrams of the system reliability are shown
in Figures 4 and 5. The calculated reliability esti-
mates and the cost of the optimal system for
«cold» and «hot» backup are listed in Table 4.

Table 1 Table 2
Initial data Optimal parameters of the «cold» backup
Number of Failure rate Cost Kii 0 1 2 3
element (hour?) (thous. UAH) 1 0 1 0 0
1 0.02-10% 25 ? 0 1 0 0
2 0.014-10* 52 3 0 0 1 0
3 0.09-10°* 12 4 0 0 1 0
4 0.30-10* 17 5 0 0 1 0
5 0.11-10* 29 6 0 1 0 0
6 0.01-10* 43 7 0 0 1 0
7 0.07-10* 34
Table 3
Optimal parameters of the «hot» backup
k\i 0 1 2 3 4 5 6
1 0 0 1 0 0 0 0
2 0 0 1 0 0 0 0
3 0 0 0 1 0 0 0
4 0 0 0 0 0 0 1
5 0 0 0 0 1 0 0
6 0 0 1 0 0 0 0
7 0 0 0 0 1 0 0
Table 4
The reliability parameters and the cost of optimal system
Backuptype | p, P2 Ps P4 Ps Ps P/ Ps Cs
cold 0.99982|0.99995 (0.99982 | 0.99983|0.99981 | 0.99992 1 0.99993|0.99908| 533
hot 0.999990.99999 | 0.99994 | 0.99992 | 0.99988 | 0.99999 | 0.99997|0.99971| 718
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Fig. 4. Optimal structural scheme of the system reliability with «cold» redundancy
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Fig. 5. Optimal structural scheme of the system reliability with «hot» redundancy

Findings

The calculated models for estimating reliabil-
ity, as well as the optimization models for the re-
dundant systems according to the «hot» and
«cold» separate backup schemes, have been de-
veloped. The optimal options for reserving the
7 element object at separate «cold» and «hot»
backup using the Excel spreadsheet were found.

Originality and practical value

New calculation models for estimating the re-
liability of redundant systems are proposed, as
well as the optimization models developed on
their basis, which are formulated using the un-
known decomposition of initial problem of struc-
tural redundancy into binary components. The
obtained optimization models belong to the class
of problems of non-linear mathematical program-
ming with binary variables, for the numerical so-
lution of which (even for a sufficiently large di-
mensions) the well-known packages of applied
computer programs, in particular, the MS Excel
spreadsheet, are well adapted. Thus, the process of
solving the initially very complicated problem of
optimal structural redundancy is greatly simplified

and reduced to performing elementary actions in
the corresponding programming interfaces. The
proposed calculation models for estimating the
reliability of redundant systems, the models of
optimal structural redundancy, and the methodol-
ogy for their formation in order to simplify further
numerical implementation can be useful in solving
the problems of ensuring the reliability of tech-
nical systems at the early stages of their design.

Conclusions

The results obtained in the article using the
specific examples show the efficiency and suffi-
cient generality of the considered approach to
solving the problems of optimal structural redun-
dancy. The optimization models (8) and (9) be-
long to the class of non-linear programming prob-
lems with binary variables and are easily imple-
mented numerically in the operating environment
of the Excel spreadsheet. The obtained calculation
models for estimating the reliability of redundant
systems (3) — (6), the models for optimal structur-
al redundancy (8) and (9), and the methodology
for their formation can be used in practical prob-
lems of ensuring the reliability of technical sys-
tems at the early stages of their design.
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OIITUMAJVIBHE CTPYKTYPHE PE3EPBYBAHHA TEXHIYHUX
CUCTEM

Meta. OcHOBHa MeTa CTaTTi — JJaTH MPOEKTYBAJIIbHUKAM BHCOKOHAIIITHUX TEXHIYHUX CHUCTEM, SIKi HE BOJIOJIIOTH
creliaJIbHUMH 3HAHHSAMH B raiy3i ONTHMi3alii Ta HABUYKaMHU NPOTPaMyBaHHS, IPOCTHUI 1 TOCTYNHUI MaTeMaTny-
HHUH IHCTPYMEHT AJIsl BHOOPY ONTHMAJILHOTO PIillICHHS MiJl Yac CTPYKTYPHOTO pe3epByBaHHI cucteM. Mertoanka. 3a
TOJIOBHUI ITOKa3HMK HaJlIHHOCTI pe3epBOBaHOI CUCTEMHU ITPUIHSATA HMOBIpHICTS 11 O0e3BiAMOBHOI poboTH. Po3risHy-
Ti /1Bl THIIOBI CXEMH pe3epBYBaHHS: 1) cXeMa PO3JUILHOTO «rapsiuoro» pe3epByBaHHS; 2) CXeMa PO3ALIEHOTO «XO-
nonHOTO» pe3epByBaHHA. ChopMmynboBaHI pPO3paxyHKOBI MOJET OINIHKA HAAIHHOCTI PE3epPBOBAHHUX CHCTEM.
PesyabTaTH. Y pobOTi 3apoONOHOBaHI ONTHMI3aIiiHI MOJENi, 0 JO3BOJIIOTH 3HAUTH PalliOHANBHUIN BapiaHT pe-
3epBYBaHHS NMPOEKTOBAHOI CHCTEMH 3 YpaxyBaHHSIM CYNEPEWIMBHUX BUMOT 0 i HamiiHOCTI ¥ Baprocti. Lli momeni
YHCEIbHO Peai3yloThCs B ONEpaliifHOMY cepeoBHII TabmuaHoro mporecopa Excel cTocOBHO OCHOBHOTO 00’€KTa,
KW CKIIafaeTbes 13 7 eneMeHTiB. HaBeneHi onTuManbHI BapiaHTH pe3epBYBaHHS IIbOT0 00’€KTa 3a CXEMaMH «ra-
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pSAYOro» M «XOJIOJHOT0» PO3/ALILHOTO pe3epByBaHHs. HaykoBa HOBM3HA. 3anpONOHOBaHI HOBI PO3PaxyHKOBI MO-
JierTi OIiHKY HaJliIHHOCTI Pe3epBOBAHUX CHCTEM, a TAKOX PO3pOOJIeHI Ha TX OCHOBI ONTHMI3alliifHI MOAEMi, sKi chop-
MyJBOBaHI 3 BHKOPHCTaHHSAM PO3KJIAaJaHHS HEBIOMHX BUXITHOI 3aJadi CTPYKTYPHOTO pe3epByBaHHS Ha OiHapHI
ckianoBi. [lpy mpoMy oTpuMaHi onTHMI3alliifHi MO BiTHOCATHCA A0 KJIACY 3a7ad HEJTiHIHHOTO MaTeMaTHYHOTO
MIpoTrpaMyBaHHA 3 IBIHKOBUMH 3MiHHAMHU, JUISI YUCEITHFHOTO BUPIMICHHS SKUX (HABiTh 32 JOCHTH BEJIHUKOI PO3MipHOC-
Ti) 0Ope MPHCTOCOBaHI MIMPOKO BiOMi MAKETH MPHUKIATHUX KOMIT FOTEPHHX IPOTpaM, 30KpeMa TabIMIHUI Iporie-
cop MS Excel. TakuMm 9rHOM, TIpOIIEC BUPIIIEHHS CIIOYATKY JOCHTH CKJIAJHOI 3aa4i ONTUMAIIFHOTO CTPYKTYPHOTO
pe3epBYBaHHS 3HAYHO CIIPOIIYETHCS 1 3BOAWTHCS IO BUKOHAHHS €IEMEHTapHHUX i y BIIMOBIAHUX NPOTrPaMHHUX
inTepdeiicax. [IpakTHyHa 3HaYMMicTh. 3alIPOIIOHOBAHI PO3PaXyHKOBI MOJEJi OLIHKM HaJiHHOCTI pe3epBOBAHUX
CHCTEM, MOJIENli ONTHUMAJIBHOTO CTPYKTYPHOTO PE3EpPBYBaHHS, a TaKOX METOJOJIOTIS iX (OpMyBaHHS 3 METOIO
CHPOLIEHHS IOJIANIBILOT YHCENBHOI peanizalii MoXXyTh OyTH KOPUCHI ITpY BUPILIEHH] 3a/a4 3a0e3MeueH s HaliitHO-
CT1 TEXHIYHHUX CHCTEM Ha PaHHIX CTalisX IX MPOEKTYBaHHSI.

Kniouosi cnosa: cuctema; NPOEKTYBaHHS; HAMIWHICTh; CTPYKTYPHE pe3epBYBaHHS; MOJENb; ONTHUMIi3allis;
OiHapHi 3MiHHI
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JILCTBA M aPXUTEKTYPHI, yi1. YepHbImeBckoro, 24-a, Jlaunpo, Ykpauna, 49600, ten. +38 (067) 639 60 64,
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OIITUMAJIBHOE CTPYKTYPHOE PESEPBUPOBAHUE
TEXHUYECKUX CUCTEM

Hens. OcHOBHAS IENb CTAThH — JaTh NMPOSKTUPOBIIUKAM BBICOKOHAIC)KHBIX TEXHUYECKUX CHUCTEM, HE 00nama-
OOIUM CIrieliMaJIbHbIMHU 3HAHUAMU B 06J'IaCTI/I OINTUMHU3AINU U HABBIKaMU MPOTpaMMUPOBAHUS, HpOCTOﬁ H O0CTyII-
HBI MaTeMaTUYeCKUi MHCTPYMEHT JIJIsl BHIOOpa ONTHMAILHOTO PEUIEHUs TIPU CTPYKTYPHOM pPE3epBUPOBAHUU CH-
cteM. Meroauka. B kadecTBe TIJIaBHOTO IIOKa3aTelsl HAJEKHOCTH PE3EPBHPOBAHHOW CHUCTEMbI MPHUHATA
BEPOSITHOCTh €¢ 0e30TKa3HON paboThl. PaccMOTpEeHBI IBe THIOBBIE CXEMBI pe3epBUpOBaHus: 1) cxema pa3aenbHOTO
«rOpSTYETr0)» PE3EPBUPOBAHUS; 2) CXeMa PAa3eIbHOTO «XOJIOIHOTr0» pedepBupoBanus. C(HOpMyITUpOBaHbI pacyeTHbIE
MOJIENIN OIICHKH HaJIe)KHOCTH PE3ePBUPOBAHHEIX cUCTeM. Pe3yabraThl. B paboTe mpeanokeHbl ONTHMHU3AIHOHHEIC
MOJIENIH, TO3BOJISIIOIUAE HAWTH PAalMOHAIBGHBIA BAapHAHT PE3CPBHUPOBAHMS IMPOEKTHPYEMOH CHCTEMBI C YYETOM
MIPOTHBOPEUYHBHIX TPEOOBAHUH K €€ HAJIECKHOCTH U CTOMMOCTH. [IlaHHBIE MOJEITN YUCICHHO PEaTU3yI0TCSA B Omepa-
LUOHHOMW cpejie TabiuaHoro mporeccopa Excel nmpumeHnTenbHO K OCHOBHOMY OOBEKTY, COCTOSIEMY U3 7 DIIEMEH-
TOB. [IpuBeIeHBI ONTHMATBHEIC BAPUAHTHI PE3EPBUPOBAHUS ITOTO 0OBEKTA MO CXEMaM «TOPSIYETro» H «XOJIOJTHOTOY
paszenpHOTO pe3epBupoBaHus. Hayunast HoBu3HA. [IpeanoxkeHbl HOBBIC pacyeTHBIC MOIEIH OIIEHKH HaIe:KHOCTH
PE3CPBUPOBAHHBIX CHCTEM, a TaKXKE pa3pa60TaHHLIe Ha HUX OCHOBE€ OINTUMHU3AIMOHHBIE MOACIH, KOTOPLIC
c(hopMyITHPOBAHEI C UCIIOIF30BAHUEM PA3JI0KEHUS HEM3BECTHBIX MCXOHOHN 3a7a4ll CTPYKTYPHOT'O Pe3epBUPOBAHUS
Ha OMHapHbBIE cocTaBiAonlre. IIpu 3TOM MosydyeHHbIE ONTHMH3ALMOHHBIE MOJEIH OTHOCATCSA K Kiaccy 3ajgad
HEJIMHEHHOI0 MaTeMaTHYECKOTO MporpaMMUpOBaHuA C ABOUYHBIMHU TEPEMEHHBIMU, IJIA YHUCJICHHOTO PCHICHUA
KOTOPBIX (Jlake MPH JTOCTATOYHO OOJBIION Pa3sMEPHOCTH) XOPOILIO HMPUCHOCOOIEHBI MIMPOKO M3BECTHBIE MAKETHI
MIPUKJIAJHBIX KOMITBIOTEPHBIX IPOTPaMM, B YaCTHOCTH Tabnn4HbIA mporieccop MS Excel. Takum o0pa3om, mporecc
pelIeHus H3Ha4YaJIbHO BEChMa CIIOXKHOHM 33/1a4i ONTHMAIBHOTO CTPYKTYPHOTO PEe3€pBHPOBAHMS 3HAUNUTEIBHO YIPO-
IIaeTcsl U CBOAUTCS K BBINOJHEHHUIO 3JEMEHTapHBIX JEHCTBHH B COOTBETCTBYIOIIMX MPOTPaMMHBIX MHTepdelcax.
IIpakTuyeckass 3Ha4YMMOCTh. [IpeayokeHHBIE pacueTHBIE MOJENM OLEHKH HaJEeXKHOCTH Pe3epPBHUPOBAHHBIX
CHCTEM, MOJIENH ONITUMAIIBHOTO CTPYKTYPHOTO PE3EPBUPOBAHMS, a TAK)KE METOJIOJIOTHS X (POPMHUPOBAHHUS C LIENIBIO
YIpOIIEHHsT JalbHEeWIIed YWCICHHOW peaju3alli MOTYT OBITh TOJIE3HBI NpPH pPEHICHHH 3a/1a4 oOecHeyYeHus
HAJACKHOCTHU TEXHUICCKHUX CUCTEM HAa paHHUX CTAIUAX UX IIPOCKTUPOBAHUSA.

Kniouesvie cnosa: cucteMa; IpOEKTHPOBAaHUE; HAAEKHOCTh, CTPYKTYPHOE PE3epPBHPOBAHNUE; MOJIENb; ONTUMHU-
3anus, 6I/IHapHBIe TNIECPEMEHHBIC
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YJIOCKOHAJIEHHSI MEXAHIYHOI CUCTEMHU
EJIEKTPOJOTPUMAYA JIJIS1 SMEHIIEHHS BIBPALIL EJJEKTPOJIA

Mera. Y HaykoBili po00Ti He0OXinHO: 1) po3poOHTH MaTeMaTHYHy MOJEINb i BU3HAUYNUTH JUHAMIUHI TapaMeTpH
MeXaHI9HOI cuctemMu OanmaHcupHoro enekrpogorpuMada (BE) nyroBoi cramermaBuinbHOI medi; 2) BUKOHATH MOPIiB-
HAJIBHY OLIHKY MaKCHMaJbHHX aMIUTITYZX i XapakTepy 3MYyLICHHX Ta BUIBHUX 3racajlbHHX KOJHMBaHb ENEKTpoIa
B TOPH3OHTAJIBHIN IUIOIIMHI MiCNs CKUAAHHS CICKTPOANHAMIYHOIO HABaHTAXKEHHS Ul OAAHCHPHOTO EJIEKTPOIO-
TpUMaya i eJIEeKTPOAOTPUMaYa 3 KOPCTKUM KPIIUICHHSIM pyKaBa JO CTiHKH; 3) BUSHAUUTH XapaKTEPHCTUKHU IEMII-
(bepa cyxoro TepTs Ha OCHOBI OPTOTOHAJBHOTO KIMHOBOTO MEXaHi3My 3 MOYATKOBHM HATATOM JIHIHHUX NPYKHHX
CJICMCHTIB 32 YMOBH YpaxyBaHHsS MOXJIMBUX aMIUTITY] i YaCTOT KOJMBaHb eleKTponoTpuMada. Meroauka. Ilocra-
BJICHE 3aBJIaHHS BUPIIIyBaJOCh 32 JOIMOMOIOI0 METO/IB TEOPETHYHOI MEXaHIKU i Teopil KOJHMBaHb, TUHAMIYHOTO
aHaizy MexaHiyHol cuctemu enekrpoporpumMadiB (CE) 3 ypaxyBaHHSIM HECTal[lOHAPHOTO €JIEKTPOIUHAMIYHOTO
30y/KeHHS. MOJIeTIOBaHHsI MEXaHIUHUX KOJHMBAHb €JICKTPO/a B TOPU30HTATIbHIN TUIONIMHI 31 CHIOBATIOCH 3ac00a-
Mu MathCAD. Pe3yabTaTH. PO3rJsiHYyTO TUHAMIYHY CHCTEMY OaJaHCHPHOTO €JIEKTPOJOTpPUMAava Ha OCHOBI IMO-
JBIIHOTO ()i3MYHOTO MasTHHKA 3 MPYXKHO-AMCUIIATUBHUMH 3B’si3kaMi. BU3HaueHo mapamerpu JTUHAMIYHOT MOJeli
Ta eJIeKTPOANHAMIYHOTO 30y KeHHsI KonuBaHb. Ckila/ieHo andepeHiiiaibHi PIBHAHHS 3MYLIICHUX KOJIMBaHb JUCHUIIA-
THBHOI CUCTEMH 3 JIBOMA CTYIEHSMH BOJIi. BHKOHAHO MaTeMaTHYHE MOJCIIOBAHHS 3MYILCHUX i BUIBHUX KOJIMBAaHb
eNIeKTPO/Ia B TOPU30HTAIbHIN IutonuHi. JJoBeIeHO MOXKIMBICTh 3MEHIICHHSI aMILTITYl KOJIMBaHb SJICKTPOMIB Y CHC-
TeMi OaJaHCHPHOTO €JIEKTPOAOTPUMAaYa Iij Yac Jil eNeKTPOIMHAMIYHOTO 30y/DKeHHS Ta CKUJIAHHS HaBaHTa)KCHHS.
HaykoBa HoBM3HA. Ymeplue BUKOHAHWHA NUHAMIYHMN CHHTE3 CHCTEMH OAlaHCHUPHHX €JIEKTPOJOTPHUMAYiB TYroBOI
CTaJICTUIABIJIBHOI TTeUi 3 ypaxyBaHHAM 3MIHM AWHAMIYHUX MapaMeTpiB MEXaHITHOI CHCTEMH eJIeKTPOIOTPUMAadiB 1 Mo-
KIIMBHUX €JIEKTPOJAMHAMIYHUX BIUIMBIB HAa CTPYMOBIJHI €JIEMEHTH HECHOI KOHCTPYKIII Ta eJeKkTpoh. uHaMidHuit
CHHTE3 Ta aHaJi3 TAaKUX KOHCTPYKIiil eJIeKTpoIoTpuMauiB paHime He BUKoHyBaBcs. [IpakTuuna 3HauuMicTh. Po3-
poOJieHI MpaKkTU4HI peKOMeHJalii i aHaTiTHYHI 3aJeXHOCTI 1I0J0 BHOOPY JMHAMIYHHMX HapaMeTpiB MeXaHIdHOi
CHUCTEMH OaJTaHCHUPHOTO €JICKTPOJOTPHUMAYa 32 YMOBH MiHIMAJILHOTO BIIXMJICHHS €JICKTPOJA Bif MOYATKOBOI'O IO-
JIO)KEHHSI B TOPU30HTAJIbHIM TUIONIMHI. 3alpONIOHOBAaHA KOHCTPYKIS AeMIidepa cyXoro TepTs Ha OCHOBI OpPTOrOHa-
JILHOTO KJIMHOBOT'O MEXaHI3MYy 3 JIIHIHHUMU TPY)KHUMH €JIEMEHTaMH Ta iX IOYaTKOBHM HATSITOM.

Knrouogi crosa: MexaHi3M TepeMillleHHs eIeKTPOMiB; OalaHCHUPHUH eJIeKTPOIOTpUMay; AWHAMiuyHa CHCTeMa;
eJIEKTPOANHAMIYHI CHIIH; KOJIMBAHHS; aMILTITyja

MOBIJIHY MEpEeXYy eJIEeKTPOIOTPHUMAYiB Ta CUCTEMHU

Beryn aBTomMarnyHoro perymosanHs (CAP) MIIE, sxki

OB’ s13aH1 MPSIMUMH Ta 3BOPOTHHMH JIMHAMIYHUMHU
3B’si3kamu [14, 19].

EnexrponmvHamiuHa B3a€MOJIisi  TIPOCTOPOBOT

cucremu crpymoniasozis i enextponis ACII 30y-

Enexrponu € enemeHTaMu CKJIQJIHOT MEXaTpOH-
HOI cHCTeMH TPU(A3ZHHUX TYTOBUX CTAIECTUIABIIb-
nux neueit (JICIT) [18], mo BkiMoYae mMexaHi3MH
nepemimenns enekrponie (MIIE), kopoTky crpy-

doi 10.15802/stp2018/141009 © A. O. Bnacos, C. B. 3nanesuy, 2018

68



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpacnopty. Bicaux /IHinponeTpoBcskoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2018, Ne 4 (76)

HETPAULIIMHI BUJU TPAHCIIOPTY. MAILIIMHUA TA MEXAHI3MU

JDKY€ 3TMHANIBHI Ta KPYTWIbHI KOJUBAHHS B CHUC-
TEeMi «EJICKTPOJ — eIECKTPOIOTPUMAY — CTiHKay, AKi
HPU3BOISATH 10 MPOCTOPOBOTO MEPEMIIICHHS eJIeK-
TpoxiB. Lle BInMBae Ha CTpyM IOyrH, €IEKTPHYHI
napametpu kKopotkoi mepexi JICII, 3amkye cepe-
TTHIO aKTUBHY TOTYXXHICTh Tedi, MOpPYyIIye poOoTy
CAP [7].

Hus ocobnuBo notyxHux JICIT 3acTocoByroTh
IIBl OCHOBHI KOHCTPYKIii EIEeKTPOJOTpUMAaUiB 3i
CTPYMOBITHUMH HECHUMH pyKaBaMHu a00 TpyOoOIIn-
Hamu [1, 18]. Yci BoHU MarOTh BUCOKUI PiBEHB BiO-
pariif eIeKTpOIiB y MOYATKOBHIA TIEPiOJ IIIaBICHHS
1 U1l TATPUMKHA HOPMAJIBHOTO PEKHUMY TIIaBICHHS
H YHMKHEHHS aBTOKOJIMBAJIHHUX 1 PE30HAHCHUX
sBull noTpeOyrots 3actocyBanus CAP MIIE [9,
17]. MakcumanbHi aMILTITYAH KOTUBAaHb y TpUdas-
Hiit JICII BusiBIICHI B €JEKTPOAOTpHMAayda 30BHIII-
HBOI (ha3u B TOPU3OHTANBHIH miommHi [15, 16].

Cknamenuii i3 cexuiii rpagiToBaHHi €JIEKTPO]
i/ Yac IUIaBIEHHS HiJAEThCS KOMIUIEKCHOMY Me-
XaHIYHOMY, EJEKTPOJMHAMIYHOMY, TEPMIYHOMY
HaBaHTA)XCHHIO, [0 BIUIMBA€ HA CKIAJHWN Harpy-
JKEHHWH CTaH 1 MIIHICTh MaTepially elIeKTpoa i Horo
KOHCTPYKTHUBHHX eyeMeHTiB [11]. HaiiGimbiny He-
Oe3reky Uil MIIHOCTI eJeKTpofa ¥ HIMempHUX
3’€IHaHb MOTO CEKIIil CTAHOBJIATH BiOpalliliHi HaBa-
HTQKEHHS, SIKI MalOTh 3HAKO3MIHHUN XapakTep, 110
3HMKYE XapaKTEPUCTHKH MIITHOCTI MaTepiairy, pH-
3BOJIUTH 0 PO3CIA0JICHHS 3aTATYBAHHS HIllEIIBHUX
3’€THaHb CEKIIil eNIEKTPO/iB, yTBOPEHHS TPILIHH Ta
MOKe OYTH NMPUYMHOIO PYHHYBaHHS €IEKTPOIIB.

OnmauM 13 ¢axTopiB pyHHYBaHHS €JIEKTPOJiB
€ BiOpalliliHe HaBaHTAXXCHHS 3 aMIUIITYJaMH, sKi
MEPEBUILYIOTh TPAHUYHI 3HAYEHHS 32 YMOBOIO Mill-
HocTi Marepiany. ToMy akTyallbHUMH CJTiJT BBaXKaTh
JIOCITIJDKEHHSI, 10 CHPSMOBaHI Ha MOAAJIbIIE BIOC-
KOHAJICHHS MEXaHIYHOI CHUCTEMH EJIEeKTPOJOTpUMA-
4iB 32 JIONIOMOT'0I0 BUKOPHCTAaHHSI HOBHX KOHCTPYK-
TUBHUX DIllIeHb 13 CHCTEMaMH BiOPO3axuCTy, Pallio-
HAJILHUM BHOOPOM JIMHAMIYHHUX MapaMeTpiB 1 3a-
CTOCYBaHHS TIPUCTPOIB JUTS IeMII(yBaHHS KOJIMBAaHb
METaJIOKOHCTPYKIIIT, 0 TPHIMAE EIEKTPO/I.

Meta

VY nHaykoBili poboti HeoOximHO: 1) po3poOuTH
MaTeMaTHYHYy MOZEJb 1 BU3HAYMTH JWHAMIYHI Ma-
paMeTpH MeXaHIYHOI CHCTEMH OallaHCHPHOTO ee-
KTpOJIOTpHUMaya JyroBOi CTaJICTUIaBHIIBHOI TIedi;
2) BUKOHATU MOPIBHAIBHY OLIIHKY MaKCHMaJbHUX
aMIUTITY/l 1 XapakTepy 3MYIIEHHX 1 BiIbHUX 3ra-

CAJIbHUX KOJIMBaHb EJIEKTPOJa B TOPU3OHTAIBHIH
IUIOMIMHI ITCsA CKHAAHHSA eJIeKTPOIUHAMITHOTO
HABaHTaXXCHHS Il OaJJaHCUPHOTO ENEeKTPOJOTpPH-
Mada i eJIeKTpOJOTpUMAaya 3 JKOPCTKHM KpiIlIeH-
HSIM pyKaBa JI0 CTIMKH; 3) BU3HAYNTH XapaKTEpHC-
TUKA neMiiepa Cyxoro TepTs Ha OCHOBI OpPTOTO-
HAJIBHOTO KJIMHOBOTO MEXaHi3My 3 MOYaTKOBUM
HATSTOM JIHIMHUAX TPYXHHUX €JIEMEHTIB 32 YMOBH
ypaxyBaHHS MOXIHBHX aMIUTITYJ] i 9aCTOT KOJIH-
BaHb €JIEKTPOJOTPHUMAYA.

MeTtoauka

Po3B’s13aHHS TOCTAaBIEHOTO 3aBAaHHS 3IHCHIO-
€THCSI HA OCHOBI JIEKOMIIO3UIIIi CKJIaHOI TTPOCTO-
poBoi konmBanbHOi cuctemu BE Tpudasznoi JCIT
1 po3poOKHM HaBEACHOI IO TOPU3OHTAIBHOI TUIOIIH-
HU TUHAMIYHOI MOJIENI eNeKTPOJOTprMada Ha Tij-
CTaBl MPUUHATUX JOMYIICHb 1 BIIOMHX IOJIOKEHb
Ta METOJIIB TEOPETHUYHOI MEXaHIKH W Teopii KO-
BaHb. IMiTarliiiHe MonmeIfOBaHHS KOJHBAHb EJIEKT-
pola B MEpexiiHUX peKHMax 3IMCHIOBANOCH 3a
nornomororo 3aco6iB MathCAD.

Pe3yabTaTtu

OO0’€KTOM JOCHIIPKEHHS BIUIMBY KOHCTPYKTHB-
HOI CXEMH, TeOMETPUYHHUX 1 JUHAMIYHUX TMapaMeT-
piB cuctemu enekrpoporpumaya (CE) JICII Ha ko-
JIUBAHHS €JIEKTPOMIB Y TOPH30HTAIBHIN TUIOIINHI
€ TPUAHTYIIbOBaHA CHCTEMa EJIEKTPOAOTPUMAYiB
tpudasaux JCII-50H2 (puc. 1, a, 6) 3 rigpasmiy-
uumu MIIE (puc. 1, 6) [12, 19]. Insg 3MeHIIeHHS
aMILTITYl KOJIMBAHb EIIEKTPOJB Y TOPU3OHTAIBHIN
IUTOIIMHI 3aIllPOTIOHOBAHA CXeMa i3 MIapHIpHUM Kpi-
IUIEHHSIM PyKaBa eJIeKTpojoTpuMada Jo criiiku [10].

J1s TOpiBHSUTEHOTO JTOCIIKEHHS B3STI JIBi PO-
3paxyHKOBi cxeMH (pHc. 2): BUXiTHA 3 KOPCTKUM
KPIIJIGHHSIM pyKaBa eJIEKTPOAOTPHMAya JI0 CTIHKH
(puc. 2, a) i BE i3 mapHipHUM KpITUIEHHSM pyKaBa
J0 CTIMKHM 1 TPYKHUMH JAeMI(pEPHUMU BY3JIaMH
(puc. 2, 6), ne BiANOBIAHO:

m,, lg,,» C, —Maca, MOMEHT iHepuii MO0 Be-

PTUKAIBHOI OCi Z ¥ KPYTHIIbHA JKOPCTKICTh CTINKH;

st?

- m,, IpZ — Maca ¥ MOMEHT iHepIii pykaBa
00 OCi Z
- L, de, m,, |, — noBxuHa, niameTp, Maca

I MOMEHT iHepIlii elleKTpo/a Mo 10 OcCi Z ;
-C ﬂgk — JKOPCTKICTh NPY)KHUX C€JIEMEHTIB

1 KOe(iIlieHT NOTJIMHAHHS TACHUKA KOJUBAHb;

gk’
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— L, L, — xoopauHaTy po3TallyBaHHs IIApHi-

pa pykaBa ¥ racCHHKa KOJHBAHb MO0 OCi CTIHKH;

— Ly, Ly, — reomerpuyHi po3Mip ALISHOK

pyKasa.

a-da

Puc. 1. TpuanrymsoBana CE JICIT-50H2 3
napanenbHuM (@) 1 HemapanenbHUM
(6) po3ramryBanHsM TpUda3HOTO
crpymoriasony, MIIE 3 rigpaBniuauM npuBogom (g):
1 — enexTpon; 2 — pyKaB eNeKTPOAOTpUMaYa; 3 — pyXJIUBa
CTiliKa; 4 — HAPSIMHI POJTUKH; 5 — FiAPOIMITIHIP; 6 — ITOK

Fig. 1. Triangulated electrode holder system EAF-50N2
with parallel (a) and non-parallel (b) location of the
current leads, electrode-positioning mechanism with

hydraulic drive (c):
1 - electrode; 2 — sleeve; 3 — mobile rack; 4 — guiding rollers;
5 — hydraulic cylinder; 6 — stock

JInist TOCTIIKEHHST MaJlMX KOJHMBAHb €ICKTPOJIa
B FTOPU30HTAJIBHIH TUIONIMHI PUBECHA TBOMACOBA
nuHamivHa cuctema BE (puc. 3, a).

Crifixa 1 yMOBHO IIapHIPHO 3aKpiluieHa
(t. O,). KpyrunbHa 0pCTKICTh CTIHKM C; €JIEKT-

poioTpuMaua mpuBeleHa 1o mapHipa (T. B) Ha
MiJICTaBl PIBHOCTI MOTEHIIHHUX €HEepriii:

Cy = 1/'—3 . 1)

PykaB enekrpomoTpumaya 2 HIapHIpHO 3aKpill-
neHuit Ha crifimi (1. B) 1 cnmpaetbes (T. A) Ha
NpPY)XHI EJIEMEHTH TacHHWKa KONWBaHb. [IpyxHi
eNIeMEHTH TaCHUKA KOJMBAHb y BUXIJHOMY CTaHi
He nedopmoBani. [lapanensHo 10 MPYXKHUX ene-
MEHTIB YCTaHOBJICHI JeMIiepH, M0 CTBOPIOIOTH
B’s13kuit omip. Omip Bij cuil Tepts B mapHipi (T. B)
HE BPaxOBYEMO.

[To3uTuBHI HanpsSMKH y3arajJbHEHUX KYTOBHX
KOOPJMHAT (@, — CTIHKH; ¢, — pyKaBa eJeKTpoJio-

TpHMaya) B3STi BiJl IOI0XeHHs piBHOBaru (¢, =0,

¢, =0) 3a rOAMHHUKOBOIO CTPiNIKOIO (pUC. 3, 0).

vea Al Lpz - r
I
mp, Ipz 2
mst, Istz Me, lez h
cr 1 1
2 o
B A
s )
6 = b L Zﬁf” e Zﬁ? -
Cgk A5F ¥ E i
. —lll 2 “
7\gk —Z 7-- 4 =
mp, [pz | ~
mst, Istz €1
/ Me, lez !
e

z —r
’ X

Puc. 2. Po3paxyHKoBa cxeMa CHCTEMH «CTiliKa —
€JIEKTPOAOTPUMAY — EIEKTPOI!

@ — 13 JKOPCTKUM KPIIUICHHSIM €JIeKTPOJOTpUMAaya 10 CTilKy;
6 — GaNaHCHUPHOTO ENEKTPOIOTPUMAaYa i3 IapHipHUM
KpIIUIEHHSAM pyKaBa JI0 CTIfKH 1 IPYXKHUMHA
IeMI(EepHIMU By3JIaMH
(1 — crilika; 2 — pyKaB i3 €1EeKTPOIOM)

Fig. 2. Calculation scheme of the system «column —
electrode holder — electrodex:

a — with a rigid mounting of the electrode holder to the rack;
b — balanced electrode holder with a hinged mount of sleeve
to the rack and elastic-damping nodes
(1 —rack; 2 — sleeve with an electrode)

Puc. 3. [IpuBenena qeomacoBa guHaMidHa MoJienb BE:
a — BHXIiJTHE TIOJIOKEHHST; 6 — mepiia popMa KOJINBaHb;
6 — apyra ¢opMa KOIMBaHb

Fig. 3. A two-mass dynamic model of balanced electrode
holder is presented:
a — initial position; b — the first form of oscillations;
¢ — the second form of oscillations
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Ha mincraBi piBHsHb Jlarpanxka apyroro pomy
mudepeHIlianbHi PIBHIHHA MalliX 3MYMIEHUX KO-
TUBaHb y MUCHIIATHBHIA CHICTEMI 3 JIBOMa CTYIIe-
HSMH BOJIi MaroTh BUTIIAA [4]:

a11‘¢1+a12 (/’2 +b11¢1+
0@, +Cy 0 +Cp 0, =Q

(2)
Ay P +ay, @y +hye +
Dy, +Co 1 +Cpp -0, =Q,
me a_, b is0 Cjs — BIMOBITHO 1HEPIiiHI, TUCHTIA-

js!
THMBHI Ta KBa3inpyxHi koedimientyu; Q, — y3araib-
Hena cuna;, j=1,2; s=1,2.

Ha migcraBi KiHeTHYHOI 1 IOTEHIIHOI eHeprii,
a TaKOX TUCHIATUBHOI (DYHKIIiT KOMMBAIBHOI CHC-
TEMH, iHEpLilHI, KBa3iNpyKHi i AUCUIIATUBHI KO-
edilieHTH B PIBHAHHSX (2) MATUMYTh BUTIIS!

a; =1, +m2L§; a, :a21:m2L2b;

a22=I202+m2b2,Tmi2=mp+me; (3)
¢ =S+ (L+ L)

Co=Cu=—Cy(LtL) i Cp=—cpi (@)
by = AL+ 4 (L + L)

2 .

b12:b21:_ﬁ'2(L1+L2) ) b22:_b12’ (5)

ne A4 1 A, —Koe(illieHTH HENPYKHOTO OMOPY.
V3araneHeni cunmn Q; i Q,, 10 BiANOBigAIOTH

CYMapHOMY €JIEKTPOAMHAMIYHOMY BIUIUBY Ha pY-

KaB 1 €NIeKTPOJ Bifl PIBHOMIMHHUX CHII Fp i F

CKJIaaar0Th.
Q=(F,+F)L;

Q=-F(L-Y,)+R(L-L)  ®

EnexkTpomuHamivuHi HaBAaHTAKEHHS B CHUCTEMI
€ (yHKIi€E "Yacy ¥ 3aiexarb Bij KoH]iryparii
KOHTYpY (puc. 1) i ctpymiB B3aeMopiitHux a3 ta
HaOyBalOTh MaKCUMaJbHUX 3HAUCHb 32 YAApHHUX
crpymiB kopoTtkoro 3amukauuas (K3). s orinku
BIUINBY MaKCUMAaJbHOTO  €JEKTPOJUHAMIYHOTO
30y/DKEHHsSI TIPUHMAEMO, IO PYKaBH €JIEKTPOIO-

TPUMAYiB  TPUAHTYJHLOBAHOTO  CTPYMOIIIBOAY
JCII po3ramoBaHi B OHiH TOPH3OHTAIBHINA TUIO-
uHi [5].

MakcumanbHe 3ycHiuIs Ha pyKaB eJIeKTPOJo-
TpUMaua MiJ 9ac B3a€MOZIl 31 cTpyMaMu CyCimHiX
(a3 MoxKHa BU3HAUUTHU 3a (POPMYJIOLO:

-7 2

Foma =107 -k, - 17, (7)
e kp TEOMETPUYHHUH KOE(]IIiEHT KOHTYpY
CTpyMiB B3aemofirounx ¢as3; | — ymapHuit ctpym
K3.

PiBHOmiMHA cHITa Big pIBHOMIPHO PO3MOIIJICHO-
ro eJIEKTPOJMHAMIYHOTO HAaBaHTAXCHHs IijJ 4ac
B3aeMomii B Tpudas3Hiil cucTemi eJIeKTPOJiB, IIO
pO3TaImoBaHi MO KyTaX piBHOCTOPOHHBOTO TPHKY-
THHKA 31 CTOPOHOIO @, , IPUBEJEHA 10 BEPTHKAJIb-
HOI TUIONIWHH, sKa MEPHCHIUKYIIIpHA OCi pyKaBa

eIeKTpOIOTpUMada, 1 Hal0yBae MaKCHMaJIbHHUX
3Ha4YeHb 3a cTpyMiB K3 3rimHo 3 popmyroro:

Fe max =107 kKZ ) kpr.e 17, (8)

[

e kKZ — KoeillienT, Mo 3aneKuTh Big Buny K3;

kpr.e — Koe(ilieHT HaBeACHHA HOPMAaJbHOI ILIO-

IIUHH JI0 OC1 pyKaBa, a, — BIJICTaHb MK €JIEKTPO-
namu; L, —poboya noBKUHA €IEKTPOJA.

[Tix yac MozenroBaHHS 3MYNIEHUX KOJHMBaHb
eNIeKTPOAOTPHMaya 30BHIMIHBOI (asu B TOPH30H-
TaJIbHIHM IUIOMMHI BpaXxOBYBaBCsl TapMOHIHHHN Xa-
pakTep 3MiHM B 4Yaci CKJIAJOBUX €JICKTPOJAMHAMIY-
HOTO HaBaHTA)XEHHS 3 IOJBII{HOIO YacTOTOIO 3MiH-
HOTO CTPYMY B TpU(a3Hiil Mepexi.

JIJis KOHCTPYKIIIT €eKTPOA0TpUMada 3 HKOPCT-
KHAM KpIIUIEHHSM pyKaBa J0 CTiKu (puc. 2, a) 1u-
(hepeHmianbHe PIBHSIHHS 3MYIIEHUX KPYTHUIBHHUX
KOJINBaHb JMICUMIATHBHOI CHCTEMH 3 OJHUM CTYyIIe-
HEM BOJII MaTUME BHTJISIL

P+2np+K2p=Q/l, 9)
TyT ysaraidebHeHa cunma Q=FL,+ F,Y,; BracHa

4acToTa BiILHUX KONMBaHb K = [C, / Inp ; Koediri-

eHT 3aracaHHs N=0,54 /Inp , &6 HaBEIECHUU 10

oCi CTIHKM €NeKTpOJOTpHMadya MOMEHT iHepuii
cucremu | =1, +1,,.
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KpyTunpHy >KOpCTKICTb CTiHIKH €IeKTpOJAOTpHU-
Mada 3 ypaxyBaHHSAM HABENEHOI JKOPCTKOCTI C,

By3J1a BEPXHIX OMOPHHUX POJHKIB (puc. 4) BU3Haya-
€Mo 3a HopMyIIoIO:
Cl = Ca (Cb +Cro| )/(Ca +Cb +Cro| ) !

TyT KPYTHIbHI JKOPCTKOCTI JOUISIHOK CTiHKH
(puc. 4, a): Ham BepXHIMH OIIOPHHUMH DOJIUKAMH

Ca(Le) =GJst/( Lo + L — Lommin ) , MDK BEpXHIMH i

(10)

HIKHIMM ONOpHMMH pomikamu €, =GJ /L., , 1e
G — MofyIb MPYKHOCTI pyroro poxy; Jg — momus-
pHHUI MOMEHT iHepuii nepepisy cTikiku; Ly, — MiHi-
MaJlbHa JIOBXKMHA BEPTUKAIBHOI MUISIHKUA CTIHKH;

L.nin — MiHIManbHa JOBXMHA POOOYOi YaCTHHH

enekrpona, L., — MOBXKHHA NUIAHKM CTIHKM MDK

BEPXHIMH 1 HIPKHIMH OTTOPHUMH POTHKAMH.

Crilika eneKTpomoTpuMada IoA0 BiCi Z MOXe
MaTd CHMETPHYHY JIiHiliHY (puc. 4, 6) abo KycKo-
BO-JIIHIIHY KPYTHJIBbHY TPY)XHY XapaKTEPUCTHUKY
(puc. 4, 8) 3aIeKHO BiJl MPYKHOT XapaKTEPUCTHKU
BY3J1a BEPXHIX OMIOPHUX POJIUKIB.

O-b

Puc. 4. Criika enektpogoTpuMaya (a) 3 OIIOPHAMH
pormKamy, JiHiiHa (0) 1 KyCKOBO-IIiHIIHA () TIpyKHA
XapaKTePUCTHKA CHCTEMH «CTiHKa — OTIOPHI POIUKI»

y QyHKIIT KyTOBOi KOOPIUHATH 32 YMOBHOTO
3aIUEMIICHHS:

1 — y BepXHiX OHOPHHX POJIMKAX; 2 — Y HIJKHIX OTTOPHUX
ponukax; 3 — 3 ypaxyBaHHSM JIiHIHHOT )KOPCTKOCTI By3J1a
BEPXHIX OMOPHUX POJIHKiB; 4 — i3 3a30poM (¢23)

15— 3 TBepaUM ynopoM (¢s1) y By3Jl OIOPHHX POJIHKIB

Fig. 4. Rack of the electrode holder (a) with support
rollers, linear (b) and piecewise linear (c) elastic
characteristic of the system of «rack-support
rollers» in the function of angular coordinate during
conditional locking:

1 — in the upper supporting rollers; 2 — in the lower supporting
rollers; 3 — taking into account the linear stiffness in the nodes
of the upper support rollers; 4 — with the gap (¢z3)
and 5 — with a solid stop (¢s1) in the node of the support roll-
ers

Pesynbratu pocnimkens [8] mokaszanu, mo oc-
HOBHY POJIb B aMIUTITYAl MPY>KHUX KOJIUBAaHb elie-
KTpoza BiZirpae (GakTop HEKOPCTKOTO 3aKpiIlieH-
HS CTIMKH eJeKTPOIOTpUMAaya B HANIPSIMHUX POJH-
Kax, MPpHU [bOMY JJIs TiJIBUINEHHS CTIHKOCTI JUHA-
MIYHOT CUCTEMU HEOOX1THO 30UIBIIUTH
pO3CitoBaHHS €Heprii KOJWBaHb Y POJIUKOBHX OIO-
pax i crii.

VY pobori [5] HaBeneHO PO3paxyHKH MaKCHMa-
JBHUX 3HAYCHb 30CEPEIKEHOr0 eJICKTPOJHMHAMIY-
HOTO HaBaHTAXEHHs Ha eJekTpoj] (y JiamazoHi
3MiHH H0or0 poO0d0i JOBKUHH) 1 pyKaB KPaitHbOTO
EJIEKTPOIOTPHMAada 32 Pi3HUX BapiaHTIB PEXKUMY
K3 ans makcumansaoro crpymy K3 (73 kA), sikuit
3apEECTPOBAHMN IIiJ| YaC eKCHEePUMEHTAIFHUX J10-
cmmrens CE JICII-50H2 B pexxumi 3amamtoBaHHS
ayru (puc. 5, a). JlorapudmiuHuii TEKpEMEHT KO-
JIUBaHb EJEKTPONOTpMMAada B TOPH3OHTAIBHIN
IUIONIMHI 32 JAaHUMH eKCIIEPHIMEHTY CKIIaB
0,36...0,74.

Ocob6nuBo HeOe3MedHi KOMMBAHHS EIEKTPOIIiB
BHHUKAOTh ITiJ] YaC 3aMHUKAHHS EJIEKTPUIHOI TyTH
Ha CTIHKY Kojoms3s (puc. 5, 6), M0 yTBOPHOETHCS
B pa3i IUIABJCHHS INUXTH. YHACTIJIOK €JICKTPOIH-
HaMIiYHOI B3a€MOJIii CTPYMOITiIBOMIB CYCiAHIX (a3
3a ynapHoro ctpymy K3, enektposa po3puBae nyry,
a TOTiM, KOJIM 3HUKA€E CTPYM 32 PaxyHOK MPYKHOI
nedopmariii KOHCTPYKIIil, sSKa MPUIMAae eICKTPOI,
3HOBY TIOBEPTAETHCS B MOJIOKEHHS, 1110 BiJIMOBiTae
K3. TakuMm 4YMHOM, BUHMKAIOTh CTIHKI €JIEKTpOME-
XaHIYHI KOJHMBaHHS 3 YacTOTOI, OJU3BKOI0 JI0
BIIACHOI YAaCTOTH KOJIMBaHb KOHCTPYKIIi, IO
MIpUIMae eJIeKTPOJI, TOOTO KOJIMBAHHS € camo30y-
JTHHMH 1 MaIOTh XapakTep OUTTSI.

3a anropuT™MoM [5] po3paxoBaHi KOOpPAMHATH
pO3TallyBaHHs MIapHipa pyKaBa eleKTpOoAOTpUMa-
4a # JKOPCTKOCTI MPY>KHUX €IEMEHTIB TaCHUKA KO-
JIUBaHb 33 CTATHUYHOI Jii MaKCHUMaJIbHHUX EJICKTPO-
JUHAMIYHUX cuil (3 ypaxyBaHHsM Buny K3) Ha
€JIEMEHTH CTPYMOBIIHOTO KOHTYPY €JIEeKTPOJIO-
TprMaya 32 YMOBH MiHIMaJIbHOTO BiJIXWJIEHHS TO-
YKW KpIIUIEHHsI €JeKTPOoAa BiJi BHXIJIHOTO TMOJO-
JKCHHSI.

Jus kpaitasoro BE JICIT-50H2 B3sTi mnst pos-
paxyHKy Te€OMETpHYHI pO3MIpH CTilKH, pyKaBa
i enexkrpoma: L, =2,7m, L =0,6 m; L, =2,85

My Ly = 1,65 M L), = 4,045 m; d, =05 m;
L, =2,7..50m; AL, = 0,4 m.
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[HepuiiiHi mapaMeTpu KOJHMBalIbHOI CHUCTEMHU:
l,, =984 krm?; m, = 5450 xr; I, = 14730 KIM?;

l,, = 56469 krm?.

s xpaiineoro enektpomorpumaua  JICII-
50H2, BimmoBigHO 10 POOOYOi JOBKHUHU EIIEKTPO-
na L, Ta ymMOB 3aKpiluleHHS CTifKH, KpyTHIIbHA

JKOPCTKICTh CHCTEMH «CTiHKa — OIOPHI POJMKID»
MO’Ke 3MiHIoBaTHCsI B Mexax 308,73...20,2 MHwm
(puc. 6, a), mpu LLOMY >KOPCTKICTh MPYKHUX elie-
MEHTIB TacHWKa KOJWBAaHb I 4Yac PO3pPaxyHKiB
Oymna mpuitasta 162 kH/m. Enextponnnamivni cu-
mm, mwo Aitots Ha CE, BU3HaueHi 3a MaKCHUMaJIbHO-
ro ctpymy K3 (73 xA) mik dazamu A, B i C
(puc. 1, a).

6-b

Iomax =53 kA Lmin=194kA 10

Puc. 5. ®parmeHT ocumiorpaMu BEPTUKAILHOTO
nepeMinieHHs (S,) eleKTpo/Ia Ta Horo KoiuBaHsb (S.)
y TOPU30HTANBHIH IDIOIMIMHI B TIPOIIEC] pETyIIFOBaHHS

ctpymy nyru (ly) ACIT-50H2:
a — T[] yac 3anajioBaHHs Ta PO3PUBY IYTH; 6 — i 4ac pyxy
€JIEKTPO/Ia HATOPY B MPOILIABIEHOMY KOJNO/SA3I

Fig. 5. Oscillogram fragment of the electrode vertical
displacements (S,) and its oscillations (S.) in the hori-
zontal plane during the current regulation of the arc (1)
of EAF-50N2:
a —when igniting and breaking the arc; b — when moving the
electrode up in a melted well

Ha ocHoBi cucremu piBHsHB (2) 1 piBHSHHA (9)
3a HYJbOBUX [IOYATKOBUX yMOB BHKOHAaHE
MO/IEITFOBaHHS KOJIHMBaHb efekTposa (puc. 7, 8) s
BUNAJIKy PanTOBOTO J0JABAaHHS EIEKTPOAMHAMIY-
HOTO HAaBaHTAKEHHS ¥ Micisl HOro CKUIAHHA B CHU-

CTeMi 3 JKOPCTKHMM 1 MIAPHIPHUM KpIIUIGHHSIM PY-
KaBa eJIeKTpomoTpuMada mo cTidikm. KoopamHaTa
TIOJIOKEHHS eleKTpoaa X. (puc. 2, @) mix 4ac Ko-

nuBaHb cuctemu: s BE X. =g L, + ¢, ( L, - L2) ,

UL BUXITHOL
Xe = oLy
MopnentoBaHHS KOJUBaHb €JICKTPO/IA B TOPH30-
HTaJIBHAN TUIOMIMHI BUKOHYBAJIOCS 32 PO3paxyH-
KOBUX IMEPEeMIHHUX IHEpUiHHUX TMapaMeTpiB CHC-
TeMH, SIKI BIINOBIJar0Th poOovii nosxuni L, ene-

KOHCTPYKIII eJeKTpoJoTpruMada

KTpOJla, MiHIMaIbHI KpPYTHIBHIH KOPCTKOCTI
criliku C; (puc. 6, a), npu MOCTiHHOMY 3HaYeHHI
abo 3amaHOMy 3aKOHI 3MiHH KoedimieHTa >KOpCT-

KocTi  Cy  racHuka  KomuBadb.  Ilpumitrsri

koedinientn 4 = 18-10%kr/c, 4, = 12-10° kr/c.
6-b

¢y, MHwm

320

I = 240

3. 37 42 1 saLlom

Puc. 6. Ilepepis (@) Ta KPyTHIIBHA KOPCTKICTH (6)
cTifiku enekrpogorpumada JJCIT-SOH2
y dyHKLIT poO04O0T JOBKHHH EJIEKTPOIa
32 YMOBHOT'O 3aIIEMJICHHS!
1 — y BepXHIiX OHOPHHX POJIMKAX;
2 — y HIKHIX OTIOPHHX POJIAKAX

Fig. 6. The cross-section (a) and torsional
stiffness (b) of the electrode holder rack
for the EAF-50N2 in the function
of operating length of the electrode
during conditional locking:

1 —in the upper supporting rollers;

2 — in the lower supporting rollers

Pesynbratn MonentoBaHHS 3MYIIEHHX KOJIU-
BaHb EJIEKTPOJA 32 YMOBH €JEKTPOIUHAMIYHOTO
BIUIMBY 3 TIOCTIMHOK aMIUTITYJJOI0 B MOKJIMBUX
pexxumam K3 (puc. 8) 3 ypaxyBaHHSM 3MiHH JUHA-
Mmiunnx napametpiB CE (puc. 7) i 3racaibHuX Bijib-
HUX KOJIUBAHb ITiCJISI CKUJIAaHHS HAaBaHTa)KeHHS BKa-
3YIOTh Ha MOYJIMBICTH 3HWKeHHs B 1,43...1,71 pasza
(minsaka I, puc. 7) ta B 1,37...2,08 paza (minsH-
ka I, puc. 7) MakcuManbHOT aMIUIITYAW KOJIMBaHb
€JIEKTPO/Ia, MOPIBHIHO 3 aMIUIITY/aMU KOJIMBaHb
(1,3...3,6 mm) CE 3 >xopCTKHMM KpIIUICHHSIM pyKaBa
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JI0 CTIMKH B pa3i BU3HAYCHHX paIliOHAJIbHHUX 3HA-
YeHb Ta 3aKOHY 3MIiHH JKOPCTKOCTI # KoedirlieHTa
OIOpY TaCHHUKA KOJIMBAHb.

a-a
Xg, m
0001
o
0 rop 2 I T ste
c1= 35,43 MH/M™, cgk@2) = cgk@) = 162 kH/M; Le = 2,7 M
0-b Xy

0.001

-0.001

0 [ T T T ste
c1=25,73 MH/m, cgk3) =70 xH/M; Le =3,85 ™M

0.002

-on0z
0 I

c1 = 20,2 MH/m, cgk3) = 40 kH/M; Le = 5,0 m

31 4 it ¢

Puc. 7. PesynbraTét MOJICITIOBAHHS 3MYIIICHUX KOJIHBAaHb
(minstaKa I) enektpoma mifg 9ac Iii eIeKTpOIUHAMIYHOTO
BIUHBY B pexknMi K3 Mixk azamu BC Ha cuctemy
«EJEKTPOJOTPHUMAY — €JIEKTPO» 1 3racabHUX BITBHHUX
konuBaHb (nustHKa I1) exekrpona micist cKuIaHHSA
HaBaHTa)XCHHS B pa3i 3MiHHU ITapaMeTpiB KOPCTKOCTI
racHUKA KOJHBAHb:

1 — BuXiHA KOHCTPYKIIisl €1eKTPOAOTPHMAYa;

2 — GayaHCUPHUIN eNeKTPOJOTPUMAY, Cgk(2) = CONSt;

3 — GanmaHcHpHUIA enekTpogoTpuMad, cgk@) = f(Le)

Fig. 7. Results of modeling of forced oscillations
(section 1) of the electrode under the action of electro-
dynamic effect in the short-circuit mode between phases
BC on the system «electrode holder — electrode» and
free decaying oscillations (section I1) of the electrode
after load drop when the rigidity parameters of the oscil-
lator damper are changed:

1 — initial structure of the electrode holder;

2 — balanced electrode holder, cgkz) = const;

3 — balanced electrode holder, cgk@) = f(Le)

a-a
Xg, m
0.002

0.001

0 oz |3 oo+ ste
Pe max = 1,92 kH, Ppmax = 3,87 xH

0.001

0 11 | i II 4 stoe
Pe max = 3,13 kH, Ppmax = 2,13 kH

0.002

0 1 oz | s 11 e 5tc

Pe max = 2,53 KH, Pp max — 6,01 kH

Puc. 8. Pe3ynpTaTi MOJeMIOBaHHS 3MYIIEHUX KOJINBAaHb
(mimstaka 1) enexrpona (Le = 3,85 m) min yac aii enmexr-
POIMHAMIYHOTO BILIMBY Ha CUCTEMY «EJICKTPOIOTPH-

Mad — eJIeKTpo» y pexnmax K3 mixk ¢pazamu
AB, AC (a), BC (6), ABC (s) Ta 3racajipbHHX BiIbHHX
konuBaHb (niutHka 1) exexTpona micis cKuIaHHS Ha-

BaHTa)KCHHS 32 Pi3HUX JKOPCTKOCTEH TaCHUKA KOJH-
BaHb:
1 — BUXiZIHA KOHCTPYKIIisl €IEKTPOAOTPHMAYa;
2 — GaNaHCHPHUIT eJIEKTPOIOTpUMaY, cgk(2) = 162 kH/wm;
3 — GalaHCUPHUI eEeKTpoIoTpUMaY, cgk@3) = 240 kH/M

Fig. 8. Results of modeling of forced oscillations
(section 1) of the electrode (L. = 3,85 m) under the
action of electrodynamic effect on the system "electrode
holder — electrode™ in the short-circuit mode between
phases AB, AC (a), BC (b), ABC (c) and free decaying
oscillations (section 1) of the electrode after load drop
when the rigidity parameters of the damper are
different:

1 — initial structure of the electrode holder;

2 — balanced electrode holder, cgkz) = 162 KN/m;

3 — balanced electrode holder, cgk@) = 240 KN/m
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st raciHHSI KOJMBaHb €JIeKTPOAa B TOPH30H-
TabHIA IUIOMMHI B TIACHCTEMI OaJaHCHPHOTO
enekTpomorpumada  (puc. 9, @) 3amporoHoBaHa
KOHCTPYKLisl Jemiiepa CyxXoro TepTs Ha OCHOBI
OpPTOTOHAJBLHOTO KIMHOBOTO MexaHizmy [6, 13]
3 NiHIHHAMHU TPY)KHUMH €JIEMEHTaMH Ta iX Hovat-
KOBUM HATSITOM.

st moAanbIoro AOCHiPKEHHS KOJNIUBaHb IMiJl-
CHCTEMH pyKaBa 0aJaHCUPHOTO ENEeKTPOJIOTpPHMA-
ga B TOPH3OHTAJIBHIM IUIOMMHI CKIajeHa IpPUBE-
JIcHa OUHaMiYHa Mojaeib (puc. 9, 6) KOIUBaIbHOI
CHCTEMH.

HudepeHnianeHi piBHAHHA pyXy MpUBEAEHOT
muHaMigHO Mozeni (puc. 9, 6) orpuMaHO 3 ypaxy-
BaHHSM HENIHIMHOI CHJIM TepTsd, IO BUHUKAE Ha
B3a€EMOJIITHMX TOBEPXHSIX KIIMHIB OPTOTOHAILHOTO
KJIMHOBOTO MEXaHi3My JieMIiepa cyxoro Tepts [6]:

— I peXUMY IIPSIMOTO XOAY (sgn()'() =1)
(an+m-l+m2-i122-77121)-x'+; a1
+F, (x)-1y, -m, =P (1)

— JUIS PeXHUMY 3BOPOTHOTO X0y (Sgn (X) =-1)
(an +m-m, 'i221'ﬂ21)'x+
+F, (X) 1y, - s, = P(t)

TyT NpHBEIEHA JI0 TOYKM B aMHaMIYHOI Mojeni
(puc. 9, 6) maca enexkTpoaa ¥ MOMEHT iHepINl py-
KaBa eJIEKTPOIOTPUMAYA;

My =[mo(L-L) 1 /(L + L) @3

ae M i M, —Maca KIIMHIB;

; (12)

— KiHEMaTH4HI NepeaaTH BIAHOCUHU TPSIMOIO
i, Ta 3BOPOTHOrO I, Xoxy:

iy, =i, =tg(a); (14)
— KKJI npsimoro xoxy:
m, =19(a)/19(a+p); (15)

— KoediLieHT 3BOPOTHOr0 X0ay (po3rajJbMOBY-
BaHHA):

My =19 (p—a)/tg (a)’

A€ & — KYT CKOCY KJIIMHA; O — KYT TCPTA HA B3a€EMO-

(16)

JiF0UMX MOBepXHAX KIuHiB, (o <a <90 — p).

Cunamu TepTst MiXK JJaHKaMH MEXaHi3My 1 CTili-
KOO 3HEBAXKAEMO.

Ha mincrai maremaTtuunoi monem [13] opto-
TOHATLHOTO KJIMHOBOTO MEXaHI3My 3 MalllM Tep-
TAM y HAIPSAMHHUX CyMapHy HEiHIfHY CHIIOBY Xa-
paxrtepuctuky F(X,X) (puc.9,2) memmdepa mo-
3HIIHHOTO CYXOT0 TEPTS 3 MOYaTKOBUM HATATOM
TMHIAHUX TPYKHUX EJIEMEHTIB, IO MPHUBEIEHa 0
BiCi X, BU3HAYAEMO 32 (HOPMYJIOF0:

— JUTS PEXKUMY MIPSIMOTO XOAY:

c[ 8, +x-tg(a)]-tg(a+p),
SKIIOo X 2 0, sgn()'() =1

Fxx)= c'[-;+x-tg(a)]-tg(a+p), ()
sIKiIo X < 0, sgn (X) = -1
— JUIS pEXKUMY 3BOPOTHOTO XOJy:
c[8,+x-tg(a)]-tg(a-p),
() w0 x=0sen(X)=-1

- c'[-0;+x-tg(a)]-tg(a - p),
stkio X < 0, sgn (%) =1

e BinosinHOC, €', J,, O, — KOPCTKOCTI Ta MoO-

YaTKOBHUI HATST JIHIHHUX MPY>KHUX €JIEMEHTIB.
[MpyxHa cki1ajgoBa xapaktepucTuku (puc. 9, 6)
MaTUMe BUTIIS:

F,(x)=

FO-G—Cnp-X,}ZKWO xZO. 19)
—F0'+C,'1p-x,;11<u40 x<0’

TYT 3YCHJUIA MOYATKOBOTO HATATY TPYKHHUX elle-
1 = . '—¢c' .5 =C-
MeHTiB F, =Cpy 0y, R =Cpp Oy ZIE c, =¢C g,
!
np

¢ =c'-tga.
s BU3HAYEHHS CUMETPHUYHOI IIPYXKHOI Xapak-
TepucTHku (C=C', &, =3J;) 3aCTOCOBYeEMO piB-
HSTHHSI
(15”(x)= F,-sgn(x)+c,, -x.
KoeinienT mornuHaHHS 4 BiIHOCHHUU TicTe-

pe3uc [2] nemndepa CTAaHOBUTHME:
w=W/U, (20)

ne W — eHepris, 110 PO3CIIOETHCS 3a OJUH MEPIoj
rapMOHIYHOTO KOJIMBaHHSA (IJI01Ia, OOMEeXeHa Tic-
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TEpPEe3UCHOIO neTiero Ha puc. 9, 2); U — noBHa Me-
XaHIYHA €Hepris 3a LUK HAaBaHTAXKEHHSI.

Jns cuMmeTpuyHOI MPY>KHOI ¥ IHUCHUIIATUBHOL
XapaKTePUCTUKU CHEPrisi CTAHOBUTHME:

W =c[tg(a+p)-tg(a—p)]x

x[5,A+0,5A° tg(at) ] @

U=c-tg(a+p)-[5,A+0,5A tg(a)]. (22)
Tomi koediIieHT MOTIMHAHHS

y=1-tg(a-p)/tg(a+p). (23)

KoeimieHT norinuHaHHS i 3a CUJIM OIIOPY, 110
MIPOTIOPITiiHA 3CYBY, HE 3aJIEKUTh Bi aMILTITyad
KOJIMBaHb, TOMY JEKPEMEHT KOJHBAaHb IMOCTIHHHH,
MPH [IbOMY TOCJIIIOBHI aMILTITYH CKJIaJIal0Th Te-
OMETpHYHY TIporpecito [2, 3].

a-da

Puc. 9. Ilincucrema 6anaHCHPHOTO ENEKTPOAOTPUMAYA
3 JeMIihepoM CyXOro MO3UIIHHOTO TepTS i
MOYATKOBUM HATSATOM JIHIHHAX MPYKHAX EIEMEHTIB:
a) xinemarnyHa cxema (1 — pykaB; 2 — enekTpoJ; 3 — mapHip
pykaBa; 4, 4', 5, 5' — xiuuwu; 6, 6'— npyxuHu; 7, 7' — HaTUCKHI
TBHHTH); 0) MIPUBECHA IUHAMIYHA MOJIEIb; 6) MPYKHA XapaK-
TEPUCTHKA: 2) METJIs TicTepe3ncy Aemmdepa cyxoro Tepts

Fig. 8. Subsystem of balanced electrode holder with a
dry friction damper and an initial tension of linear
elastic elements:

a) kinematic scheme (1 — sleeve hinge; 2 — sleeve;

3 —electrode; 4, 4', 5, 5'— wedges; 6, 6'— springs;

7, 7— pressure screws); b) dynamic model; c) elastic
characteristic; d) hysteresis loop of the dry friction damper

Jlis BUMaiky 3MyIIEHUX KOJIWBaHb y CUCTEMI 3
CYXHUM TO3UIIHHUM TEPTSIM y pasi TapMOHIHHOTO
30yKEHHS 3 YacTOTOI @ aMIUTITyJa KOJIMBaHb
puOIM3HO MOXKe OyTH BH3HaudeHa 3a (POpPMYIIOr0

[2]:

A= i

c, \/[1—(0)/ p)z]2 +(y/2x)

TyT p° = C, / M, . &e Po — aMIuliTya IPHBEACHOL

<[A]; (25)

SJICKTPOIMHAMIYHOT CHJIH, 1110 30Y/Ky€E KOJIMBaH-
HAL.
AMIUTITYIa KONMBaHb €JeKTPo/Ja HE TOBHHHA

MIEPEBUIYBATH JOMYCTUMY aMILTITyTy [A] 3a

KpUTEpieEM MIIHOCTI eJeKTpoa i mae Oyt oOme-
’KEHa 332 PaxyHOK palliOHAIBHOTO BUOOpY reoMeT-
PUYHUX 1 TUCUIIATUBHUX MapaMeTpiB Aemrmdepa.

HaykoBa HOBH3HA Ta IPAKTHYHA
3HAYHMICTh

3anpornoHOBaHO HOBY KOHCTPYKIIiFO OallaHCHp-
HUX EJIEKTPOJOTPUMAYIB i3 MIAPHIPHUM KpiIJIeH-
HSIM CTPYMOBIJHOTO pyKaBa, IIO J03BOJISIE 3MEH-
IIATH aMIDTITyJ KOJIMBAaHb €IEKTPOJIB Y TOPH30-
HTaJNbHIN TUIOMIMHI y BHUITAJKY [ii HECTAIiOHAPHO-
T'0 eNEKTPOIUHAMIYHOTO 30y KEHHSL.

Po3po0ieHo KOMILIEKC pO3paxyHKOBHX CXEM
1 MaTeMaTHYHHUX MOJENeH Ui JOCIiJUKEHHS -
HaMIYHUX BJIACTUBOCTEH MEXaHIYHOI cucTeMu Oa-
JIAHCHUPHOTO EJIEKTPOJIOTpUMAaYa i KOJIHUBaHb eJeK-
TPOJIB Y TOPH3OHTANBHIN IJIONIMHI B MEPeXigHUX
pexumax i3 ypaxyBaHHAM MOXIMBUX BHIIB K3
y TPpHUAHTYJbOBAHIM CHCTEMI KOPOTKOI Mepexi
JCII, 3MiHM iHepUiHUX, TPYXKHUX 1 AUCUIATUB-
HHX MapaMeTpiB KOJIMBAIBHOT CHCTEMH.

BucnoBku

Haseui xonctpykuii CE tpudazaunx JCIT i3
KOPCTKHM KpITUICHHSIM pyKaBa eJIeKTPOI0TpuMada
JI0 MOTO PYXJIMBOI CTIMKH MaloOTh HU3BKY BiOpa-
HIAHY CTIWKICTb, 1[0 MOXE MPHU3BOJIUTH JIO 3011b-
LICHHS aMIUTITYJ 3MYIIEHHX KOJHMBaHb 10 3Ha-
YeHb, TPAaHUYHHUX U1 MIOHOCTI TpadiToBaHOTO
€JIEKTPO/IA.

Ha mizxcraBi aHaIiTUYHOTO JOCHIIKEHHS W MO-
JeNIOBAaHHSI 3MYIIEHUX 1 BUIBHUX KOJHMBaHb €JIEKT-
poJia B cHCTeMi 0alaHCHPHOTO eJIeKTPOA0TpUMAaya
JCII-50H2 BcTaHOBIIEHA MOJKJIHBICTH 3HUKEHHS
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MakcuMmaidbHuX ammuiTya B 1,43...1,71 pasza, mopi-
BHAHO 3 amIutiTygamu kommBavb (1,3...3,6 mMm)
€JIEKTPOIOTPUMAYa 13 JKOPCTKUM KpIIJICHHSIM PY-
KaBa JI0 CTIMKM i 3MiHHM XapaKTepy KOJIMBaHb elle-
KTpoza B pa3si Jdii HECTAIlIOHAPHOTO EICKTPOINHA-
MigHOTO 30y/KEHHS 3a PaxyHOK palliOHATbHOTO
BUOOpPY AMHAMIYHUX MapaMeTpiB CHCTeMH OamaH-

CHPHOTO €JIeKTPOAO0TpUMaya, >KOpCTKOCTI W mapa-
METpiB JTUCHTIAIlIl TACHUKA KOJMBAHb.

J1yist TaciHHS MTOTIEPEYHHUX KOIUBAHB €IEKTPOIA
B CHUCTeMi OaJlaHCUPHOTO EJICKTPOAOTpUMAava 3a-
MIPOTTIOHOBaHA KOHCTPYKIIis aeMiiepa MO3UIIHHO-
r0 CYyXOro TepTs Ha OCHOBI OPTOTOHAIBHOTO KIIU-
HOBOTO MeXaHi3My 3 MONepeaHiM HAaTArOM JiHiH-

10.

11.

12.
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14.

15.

16.
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COBEPIIEHCTBOBAHUE MEXAHUYECKOI CUCTEMBI
YJIEKTPOAOAEPKATEJS 1151 YMEHBIIEHUS BUBPALIAN
YJIEKTPOJIA

Heas. B Hayunoii pabore HeoOxomumo: 1) pa3zpaboTaTh MaTeMaTHIECKyIO MOJEIb M ONPEACIUTh TUHAMHYE-
CKHe MapaMeTphl MEXaHHYECKOH cUCTeMbl 0allaHCHPHOTO 3JIEKTPOIOJEp KaTels AyroBOH CTaJICIUIaBUIIBHON Ie4H;
2) BBINOJHUTH CPAaBHUTEIBHYIO OI[EHKY MAaKCUMAaJIbHBIX aMIUIUTY U XapaKTepa BBIHYKIECHHBIX U CBOOOAHBIX 3aTy-
XaIoMIKX KoJIeOaHUH AJIEKTPOa B TOPU3OHTAIBHON MIIOCKOCTHU TOCIIE cOpachIBaHUs 2JIEKTPOJIUHAMHUUYECKOM Harpys-
KU [y OanaHCHUPHOTO 3MEKTPOAOJEPKATeNs U IEKTPOJOAEpKATEId C JKECTKUM KpeIIeHHeM pyKaBa K CTOHKe;
3) ompenenuTh XapaKTEPUCTHKH JeMIiepa CyXOro TPEHHs Ha OCHOBE OPTOrOHAJIBHOTO KIMHOBOTO MEXaHH3Ma
C Ha4YaJIbHBIM HATSATOM JIMHEHHBIX YHIPYTUX 3JEMEHTOB IPU YCIOBHM YUYeTa BO3MOXKHBIX aMIUTUTYA M 9acTOT Koje-
OaHmil snekTpononepkarens. Meroguka. ITocTaBiaeHHas 3aada pemanach ¢ MOMOIIBIO METOJIOB TEOPETHIECKOM
MEXaHHKU W TEOPUH KOJICOaHWH, TUHAMHYECKOTO aHaJIn3a MEXaHWYECKOH CHCTEMBI 3JIEKTpoaoepKaTeIel ¢ yde-
TOM HECTAIIMOHAPHOTO IEKTPOJMHAMHYECKOTO BO30YXKAeHHs. MoJennpoBaHHe MEXaHWYECKUX KOJIeOaHUH 3JIeK-
TpOJa B TOPH30HTAIBHON IUIOCKOCTH OCyIIecTBILuIock cpeacrBamMu MathCAD. Pesyabrarbl. PaccMoTpena muna-
MHUecKas cHcTeMa OallaHCUPHOTO OJJIEKTPOAOJEpXKATeNsl Ha OCHOBE JIBOWHOTO (M3MYECKOTO MAasTHHUKA
C YIpyro-IUCCHIIAaTUBHBIMU CBS3AMHU. OmnpereneHsl mapaMeTpbl TUHAMHUYECKOH MOJIENN U JIEKTPOAUMHAMIYECKOTO
BO30yx1eHust Kojiebanuil. CocraBieHsl naudepeHIaIbHbple ypaBHEHNS BHIHYKIEHHBIX KOJIeOaHHH IHUCCHUIIAaTHB-
HOW CHCTEMBI C ABYMS CTEHEHAMHU CBOOOABI. BhIMonHEeHO MaTeMaTHYecKoe MOAETHPOBAHUE BBIHYKICHHBIX U CBO-
00aHBIX KOJICOAHUIl 3JEKTpoJa B TOPU3OHTAIBHON IUIOCKOCTH. JlOKa3aHa BO3MOXKHOCTh YMEHBIIEHHUS aMIUIUTY
KoJe0aHUH 3JEKTPOJIOB B cUcTeMe OaTaHCHPHOTO 3MIEKTPOAOAEPKATENS BO BPEMS JISHCTBUS NEKTPOAUHAMUYECKO-
ro Bo30OyxkaeHus u copoca Harpy3ku. HayuyHass HoBu3HA. BriepBble BBHINONHEH TUHAMUYECKHH CHHTE3 CHCTEMBI
OaTaHCHPHBIX JIEKTPOAOAEPKATENeH TyrOBOH CTaNeTIaBUIBHON MEeYd C yYETOM M3MEHEHUs IMHAMHUYECKHUX Hapa-
METPOB MEXaHHWYECKOH CHCTEMBI 3JIEKTPOJOJepKaTelell M BO3MOXHBIX 3JEKTPOJANHAMUYECKHX BO3JEHCTBUH Ha
TOKOTIPOBOJISIIIIE JJIEMEHTHl HECYIIeH KOHCTPYKIMM M 3JIEKTpoJ]. /IMHaMHYecKuil CMHTE3 M aHali3 TaKuX KOH-
CTPYKLIMH 3JIeKTpooAepKaTeneii panee He BeINONHUICS. [IpakTHyeckas 3HAYMMOCTh. Pa3zpaboTaHHbIe paKTHie-
CKHE PEKOMEHJAIWN M aHAJINTHYECKNE 3aBUCUMOCTH IO BBHIOOPY IMHAMHYECKHX I1apaMeTPOB MEXaHWYECKOW CH-
CTeMBI 0AJTaHCHPHOTO SJIEKTPOJIOAEPIKATEeNs NPU YCIOBHH MHHHUMAJIBHOTO OTKIOHEHUS 3JIEKTpOJa OT HAYaJIbHOTO
HOJIOXKEHHS B TOPU30HTAILHON IUIOCKOCTH. [IpensioskeHa KOHCTpyKuus fAeMidepa Cyxoro TpeHUs Ha OCHOBE OpTO-
TOHAJIFHOTO KJIMHOBOT'O MEXaHW3Ma C IMHEWHBIMH YIIPYTUMHU 3JIEMEHTAaMH U MX Ha4aJIbHBIM HaTATOM.

Kntouesvie cnoga: MeXaHU3M INEPEMELICHUSI 3JEKTPOIOB; OallaHCUPHBIN 3JIEKTPOAOAEPKATEND; ANHAMUYECKAS
CHCTEMA; SJIEKTPOJUHAMUYECKHE CHIIBI; KOJIeOaHus; aMIUIUTy1a
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IMPROVING THE MECHANICAL SYSTEM OF THE ELECTRODE
HOLDER TO REDUCE ELECTRODE VIBRATION

Purpose. The article is aimed to: 1) develop a mathematical model and determine the dynamic parameters of
a mechanical system of balanced electrode holder of electric arc furnace; 2) perform a comparative estimation of the
maximum amplitudes and the nature of forced and free decaying oscillations of the electrode in the horizontal plane
after the electrodynamic load drop for the balanced electrode and the electrode holder with a rigid mount of the
sleeve to the rack; 3) determine the characteristics of the dry friction damper based on the orthogonal wedge mecha-
nism with the initial tension of the linear elastic elements, subject to the possible amplitudes and frequencies of os-
cillations of the electrode holder Methodology. The solution is carried out by the methods of theoretical mechanics
and the theory of oscillations, dynamic analysis of the electrode holder mechanical system taking into account non-
stationary electrodynamic excitation. Simulation of mechanical oscillations of the electrode in the horizontal plane
was carried out by means of MathCAD Findings. The dynamical system of the balanced electrode holder of three-
phase electric arc furnace on the basis of a double physical pendulum with elastic dissipative bonds is considered.
The parameters of the dynamic model and electrodynamic excitation of oscillations are determined. Differential
equations of forced oscillations of a dissipative system with two degrees of freedom are formulated. The mathemati-
cal modeling of forced and free oscillations of an electrode in a horizontal plane is executed. Originality. The dy-
namic synthesis of the balanced electrode holders of the electric arc furnace is carried out for the first time, taking
into account the possible electrodynamic effects on the current-carrying elements of the bearing structure and the
electrode. Dynamic synthesis and analysis of such structures of electrode holders was not performed before.
Practical value. Practical recommendations and analytical dependencies for choosing the dynamic parameters of
mechanical system of balanced electrode holder under condition of minimum deviation of the electrode from the
initial position in the horizontal plane are developed. The design of dry friction damper based on orthogonal wedge
mechanism with linear elastic elements and their initial tension is proposed.

Keywords: mechanism for moving the electrode; balanced electrode holder; dynamic system; electrodynamic
forces; oscillation; amplitude
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ITOBTOPIOBAHI 3B’SI3KHN Y CXEMAX CTPUKHBOBOI'O
IHOB3YHHO-ITATYHHOI'O MEXAHI3MY 3AXOIIJIIOBAJIBHOI'O
IHPUCTPOIO

Mera. PoGoTa Mae 3a METy IIPOBECTH CTPYKTYpPHHIA aHAaJ3 3aXOILTIOBAJIFHOTO IPUCTPOIO, KU € MEXaHi3MOM
3MIHHOT CTPYKTYpH i3 30BHIIIHIMH HEYTPUMYIOUMUMH 3B’sI3KaMH. TakoX MOTPIOHO BU3HAYUTH KUIBKICTH HOBTOPIO-
BaHMX 3B’A3KIB y BHYTPIIIHIX 1 30BHILNIHIX KOHTYpax CXE€MH MEXaHi3My Ta 3’CyBaTH CHOCOOM iX 3MEHILCHHS.
Metoanka. J[OCATHEHHS MMOCTABJICHOI METH 3JIACHIOETHCSA 3ac00aMU TeOpil MEXaHi3MIB 1 MaIMH 32 JOIIOMOTO0
yHiBepcallbHOT CTPYKTYpHOI Teopii O30ica A1 aHai3y MEXaHi3My 3axXBaTy sIK MEXaHi3My 13 BHYTPIIIHIMHU i 30BHi-
IIHIMU 3B’s3kamu. Pe3ynabraTtu. [IpoekTyBaHHsS CXeM MEXaHIYHUX 3aXBaTHHX MPUCTPOIB PiIKO mepeadavae erar
CTPYKTYPHOTO aHaNi3y i CHHTE3y MexaHi3my. HamaeThcst mepeBara 000B’sI3KOBUM KiHEMAaTHYHOMY Ta KiHETOCTATHY-
HOMY pO3paxyHKaM, KOMIOHOBII Ta KOHCTPYIOBaHHIO. SIKINO CTPYKTYpHUH aHali3 i BUKOHYEThCS, TO HaifyacTimre
BiH 0OMEXXYETHCSI OOUHCITIOBAHHSAM YHCJIa CTYIICHIB CBOOOIN MeXaHi3My. JlecATHIaHKOBHIA CTPHIKHBOBHI MEXaHI3M
3axBaTy NOOYJOBaHUI Ha OCHOBI CIIAPEHOTO MApaliesIOrPaMHOT0 KPHBOLIMITHO-IIOB3YHHOTO MEXaHIi3My 3 BEIy4HUM
NOB3yHOM. Bexyuuii moB3yH BIUMBaE Ha MIATYHH, IO 3’€IHaHI KOPOMHUCIaMH 3i cTaHWHOIO0. Ha mpomoBikeHHi mma-
TYHIB MIAPHIPHO 3aKPIIUICHI JIAaHKH, 0 MICTATh 3aTHCKHI €IEMEHTH 3axBaTta. JloaHi Jia i YTBOPIOIOTH ITapaesior-
pam i 3a0e31e4yroTh IUIOCKONapajIeNbHHN PyX 3aTUCKHUX €IeMEHTIB 3axBaty. CTpYKTypHUil aHalli3 BUKOHYBAaBCS 3
cXeMaMH JUIsl IBOX CTaHIB MEXaHI3My: JI0 3aTHUCKY 00’€KTy 1 B CTaHi 3aTHCHYTOro 00’exkTa. OCHOBHI BHYTpIlIHI
CTPYKTYpPHI MapaMeTpy KIHEMaTU4HOI CXeMH: 4uciIo JaHoK — 10, uncio 3’enHanp — 13, uucino KoHTypiB — 4, pyXxo-
MicTh — 1, KITBKICTh BHYTPILIHIX NMOBTOPIOBaHMX 3B’s3KiB — 11. Unciio 30BHIMIHIX 3B’s3KiB — 12, akTuuHa pyxo-
MICTh MeXaHi3My — 1, pobouda pyxoMicTb MexaHi3My — 0, YMCJIO BTpaue€HHX PyXOMOCTEH 30BHILIHIX T BiJ il 30B-
HIIIHIX 3B’3KIB — 6, KUIBKICTh 30BHIIIHIX ITOBTOpIOBaHMX 3B’s3KiB — 5. HaykoBa HoBH3Ha. Briepiie npoBeneHuit
CTPYKTYPHUH aHajli3 CHapeHoro MOB3YHHO-IIATYHHOTO MEXaHI3My 3aXOIUIIOBAIBHOTO IMPUCTPOIO SIK MeXaHi3My
3MIiHHO{ CTPYKTYpH 3 BHYTpPIIIHIMH Ta 30BHIIIHIMH 3B’S3KaMd. BUKOHaHI TOKOHTYpHHUI IIOIIYK, aHANi3 Ta
YCYHEHHS IOKi[UIMBAX TIOBTOPIOBAaHMX 3B’s3KIB Yy BHYTPINIHIX Ta 30BHIMIHBOMY KOHTYpaX MEXaHi3My.
IMpakTHYHa 3HAYUMICTh. 3aNPONOHOBAaHI NPAKTHYHI PEKOMEHIALIT 1100 3MiHU PYXJIMBOCTEH KiHEMAaTUYHHX Map
JUISl 3MCHIICHHS KiIbKOCTi MOBTOPIOBAaHMX 3B’S3KIB Y BHYTPIIIHIX KOHTypax Ta BBEACHHS PO3BAHTAXYBAJbHOTO
3’€THAHHS Y 30BHIMIHIA KOHTYp MEXaHi3MY.

Kniouosi cnosa: MexaHiuHMN 3aXBaT; CTPYKTYPHHIl aHAIII3; PyXOMICTh MEXaHi3My; MOBTOPIOBAIIbHI 3B’3KH; 30-
BHIIIIHI 3B’ A3KH

— Taki MeXaHI3MHU CTaTHYHO BU3HAuUeHi i He
MaloTh JIOJATKOBUX PEAKIIil, HE BUKIMKAHUX JII€I0
30BHIIIHBOT'O KOPUCHOTO HABAaHTAXKEHHS;

— BOHHM HE YYyTJIMBI JJO NPYKHHUX jaedopmariit
1 HE3HAYHOTO BIIXWMJICHHS PO3MIpiB JJAHOK MEXaHi-

Beryn

Po0ouwnii opran mpomuciIoBOro po0oTa, sIKUi
MpU3HAYEHUN I 3aXOIUICHHS W yTpUMaHHS
00’€KTa MaHIIyJIOBaHHS, Ha3MBAKOTh 3aXOILIIOBA-

JpHUM (3aXBAaTHHMM, 3aXBaTOM) MPHUCTPOEM. Mexa-
HI3MH 3axBaTiB poOOTIB 1 MaHIMyIsATOPIB € OKpe-
MHUMH IPUCTPOSMH 3 1HAUBIAyaTbHUM IPUBOIOM.
KinemaTnuni cxeMy 3axBaTiB HE CKJIaIHI, MAalOTh
HEBEJIMKY KUIBKICTh PYXOMHX JIAHOK, MEPEBAXKHO
3 OJIHIEI0 PYXOMICTIO.

OcHOBHI TiepeBard MexaHi3miB 0e3 TOBTOPIO-
BaHMX 3aB’s3KiB [4, 8] HacTymHi:

3MY 1 CTaHWUHU;

— JIETKO 30HMparoThCs, HE MOTPEOYIOTH MiATOHY
i IpUpOOGITKH;

— Y HHUX pijllIe yTBOPIOIOTHCS 3a30pH H MEHILEe
3HOIIYBaHHS Y KIHEMaTHYHHX T1apax;

— MaloTh BUIIy HAJIMHICTH 1 HUXKYY BapTiCTh
eKCcIuTyaTartii.

Tomy min uyac mpoekTyBaHHS W MojepHizamii
MEXaHI3MIB 3aXBaTiB HEOOXIZHO 3aKjIagatv B IX
KOHCTPYKIIIFO CTATHYHO BU3HAYHI CXEMH, OCKUIBKU
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3a BCIX IHIIMX PIBHUX YMOB BOHU TapaHTYIOTh
OTPUMAaHHA OiMbII ePEeKTHBHOTO MEXaHI3MY.

MexaHi3MH 3aXBaTiB MalOTh 3MIHHY CTPYKTYpPY
3 PI3HUMU OCHOBHUMH IapaMeTpamMH CXeM, TOMY
iX aHami3 MPOBOMATH JABIYUI: IO Ta MICHS 3aTHCKY
00’€KTa 3aTHCKHAMH €JIeMEHTaMH 3aXBaTy, i Jac
SIKOTO HaKJIJaI0ThCsI 30BHIIIHI 3B’SI3KH, Cepell HUX
€ HeyTpuMytodi [2]. CTpyKTypHHI aHaITi3 OKPEMHUX
KYJTICHHX MeXaHi3MiB 3aXBaTiB BUKOHAHUH y po0o-
Tax [6, 7, 14].

JlecATUIaHKOBUH CTPUKHBOBHH MEXaHI3M 3a-
XBaTy MOOy/IOBaHUI Ha OCHOBI CITApPEHOTO Tapase-
JIOTPaMHOTO KPUBOLIUITHO-TIOB3YHHOT'O MEXaHi3My
3 BeAyYMM TIOB3yHOM. Beayumii moB3yH |1
(puc. 1, @) BunuBae Ha maryHu 2 i1 6, oo 3’enHaHI
kopomuciamu 3 i 7 3i cranuHoro 0. Ha mpomos-
YKCHHI [IaTyHiB MIAPHIPHO 3aKpiruieHi Janku 4 it 8,
IO MICTATh 3aTHCKHI eJeMeHTH 3axBaTy. JlomaHi
niaan 4-5 ta 89 yTBOPIOIOTH Mapajenorpam i 3a-
0e3mevyIoTh TIOCKONapalebHIi PyX 3aTHCKHUX
eJIeMeHTIB 3axBaTy. KiHeMaTHuHMI CHHTE3 Mexa-
HI3My Mae OyTH BHKOHAaHUH TakWM YHHOM, IO
TPAEKTOPis TOYOK HA KIHIIAX MIATyHIB 2 1 6 Ha TeB-
Hill IUISHOI pyXy ONKCY€e TpsAMY JIiHIIO, a MATyHH
4 i 8 3mIMCHIOIOTH MPSIMONiHIHHUE pyX. CTPYyKTY-
pHUI aHami3 i pamioHAIbHUN KiHEMAaTHYHWA CUH-
T€3 CTPIKHHOBOTO KYJICHOTO MEXaHi3My 3axBaTa
BUKOHaHUi y podori [7].

Puc. 1. KinemaTnyHa cxeMa OB3YHHO-IIATYHHOTO
MeXaHi3My 3axBaTa
Fig. 1. Kinematic scheme of the slider-crank
mechanism of gripping device

3a3BHyaii BaHTa)K03aXBaTHI MapajesorpamHi
MEXaHI3MH MaloTh TMiBHINEHY BaHTAXKOIiIHOM-
HICTh, 1 0€3 cremalTbHOTO MPO(ITIOBAaHHS 3aTHCK-
HUX €JIEMEHTIB 00’ €KTOM MaHiIy/IIOBaHHS € JeTai
TIPU3MATHIHOT (POPMH.

CporogHi HaKOMWYEHUH 3HAYHMH HOCBIX AOC-
JMDKEHHS W TPOEKTYBaHHS PI3HUX CXeM 1 KOHC-
TPYKLiil 3axBaTiB pi3HOTO NMpu3HauenHs [1, 3, 5, 9,
11, 12, 15]. TIpu ubOMy MPOEKTYBaHHS CXEM Me-
XaHIYHHUX 3aXBAaTHUX MPUCTPOIB, HA Kallb, MailKe
HiKOJIM He mepeadavae eTany CTPYKTYpHOTO aHai-
3y ¥ cuHTely MexaHi3my. llepeBara HamaeThcs
000B’SI3KOBOMY KiHEMAaTHYHOMY W KiHETOCTATH4-
HOMY PO3paxyHKaM, KOMIIOHYBaHHIO i KOHCTpPYIO-
BaHHIO [5, 9]. SIKIIO CTPYKTypHHI aHAaTi3 i BHKO-
HY€THCS, TO HaigacTime BiH OOMEXY€eThCS 00UrHC-
JIOBAaHHAM YHCJIa CTYIEHIB CBOOOAM MeEXaHi3MYy,
a s MaHImyJsIiTopa B IIUJIOMY IIe i 3’sSCyBaHHIM
roro MaHeBpeHOCTi. HalBakImBIimIMii CTPyKTYp-
HUI mapaMeTp OyJb-IKOTO MEXaHi3My — HasBHICTb
y cXeMi MOBTOPIOBaHMX (HaUIMIIKOBUX) 3B’ SI3KIB —
9acTO 3aJMIIAETHCS HE BU3HAUCHUM, 4, OT)KE, 1 HE
3aCTOCOBAHO /il MO0 iX 3MEHIICHHS.

Merta

OcHoBHa MeTa poOOTH — MPOBECTU CTPYKTYP-
HUH aHali3 MOB3YHHO-IIATYHHOTO 3aXOILTIOBAJIb-
HOTO TPUCTPOIO, SKUH € MeXaHi3MOM 3MIiHHOI
CTPYKTypH 13 30BHIIIHIMH HEYyTPHUMYKOUUMH
3B’s13kaMu. Tako MOTPiOHO BU3HAYHMTH KIJIBKICTBH
1 po3TanryBaHHS MOBTOPIOBAHHMX 3B’SI3KIB y BHYT-
PINIHIX 1 30BHILTHIX KOHTYPaX CXeMH MEXaHi3My Ta
3’sICyBaTH CIOCOOM 1X 3MEHILICHHSI.

MeToanka

JloCSITHEHHSI TIOCTaBIIEHOT METH 3MIHCHIOETHCS
3aco0aMu Teopii MEXaHi3MiB i MaIllMH 3a JTOTIOMO-
rol0 yHIBepcanbHOI CTPYKTypHOi Teopii O3oinca
JUISL aHaIi3y MEXaHi3My 3axBara SIK MEXaHi3My i3
BHYTPIIITHIMH 1 30BHIIIHIMH 3B’ I3KaMH.

Pe3yabTaTtu

CknazHuil CTPYKTYpHUM aHaii3 i3 BHU3HAYEH-
HSIM TIOBTOproBaIbHUX 3aB’si3kiB (I13) 3pyuHO BU-
KOHYBaTH HE 3a KIHEMaTHYHOIO CXEMOI0, a Mo0y-
JoBaHill Ha 1 OCHOBI CTpYKTypHiii [4], abo 3a cxe-
MO0 3 BHKopucTaHHsM rpadis [8]. Bemgyua mapa
Ha CTPYKTYPHIH cxemi 300pakeHa IOABIMHUM
KOHIIEHTPUYHUM KOJIOM, BeAydi JJaHKH — Qirypamu
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3 TOYKOBUM HITPUXYBAaHHAM, apaOCbKUMHU LU(pa-
MH TTO3HAYEHi JIAHKW, PUMCBKUMH — KJIac (IHCIIO
3B’s3KiB) KiHEMaTW4HHUX map. 3rimHo [4] Oynab-
KU MeXaHi3M, HaBiTh MPOCTOPOBHI, MOXe OyTH
300pakeHHH ITACKOI0 CTPYKTYPHOIO CXEMOIO.
Hepwuii eman — 0o 3amucky 06’exmy. OnHo-
IapoBa CHMETpHYHA CKJIaJHa HaIliBBIOKpUTA
3 yoTupMa 0a30BHMH JIaHKAMH CTPYKTYPHa cXema
MeXaHi3My (pHC. 2, @) CKIAJa€eThCs 3 JICB’SITH PYy-
XOMHX JIaHOK, TPUHAIISTH 3’€IHAHb 1 YOTHPHOX
KOHTYpiB (4eTBepToro kiacy). OCHOBHI BHYTpIillIHI
CTPYKTYpHI TapaMeTpHu KiHEMaTHYHOTO JIAHIIIOTa!
gucno JwaHok N=10, wuywmcmo 3’emHaHb P=13

Ta yucio KoHTypiB K =4 . IlepeBipka 3a OCHOBHOIO
TFEOMETPUYHOIO 3aJICKHICTIO
p=n+k—1(13=10+4-1)cBigunts nmpo mnpasu-
JBHICTh TOOYIOBH CTPYKTYPHOI CXEMHU.
OCHOBHa PyXOMICTh TUTACKOTO MEXaHi3My MO-

e OyTH TopaxoBaHa 3a BiIOMOIO IDIacKorw (op-
Mys0t0 Manwumiera [8]

W =3(n-1)-2p, - py .

ae P, — uuciao omHopyxomux map (V kiacy),
p, — 4ucio aBopyxomux miaackux map (IV xma-
cy). Y cxewmi Bci 13 map omHOpyxomi (Bemyda mapa
0-1 mae apyry pyXxoMicTh y IUIONIWHI, TIEpIICHAN-
KYJISIpHIN TUTOIIMHI CXEMH, TOMY Y IJIOMIMHI CXEMH
151 Tapa € naporo V Kiacy), i 4YuCiIo CTYINEHIB CBO-
oomu MeXaHi3My JTIOPIBHIOE OJIMHMUII
W =3(10 —1) —213=1.

3araneHe uucio 113 3Haiimemo 3a ¢opmyinoro
Osoica [4]

o=W +6k-f, (1)

Jie 3arajJibHe 4YMCII0O PYXJIMBOCTEH YyCiX 3’€IHaHb
cknane f =121+12=14, a o=1+64-14=11
Y cUMETpPUYHHUX 1 TOIMOJIOTIYHO OJHAKOBHX YOTH-
PBOX KOHTYpax yTBOpIOIOThCA 1o Tpu [13. 3arans-
Ha /U1 000X KOHTYpiB 00epTaibHa PyXOMICTh ca-
MOBCTaHOBJICHHS BEy4Oro MOB3YyHa, 1110 BUKOPHC-
TOBYEThCSl TIpU 30UpaHHI B OJIHOMY KOHTYpi (Ha-
npuknan, 0-1-2-3) i 3menmye kinbkicts [13, Bxe
HE MOXe OyTH BHMKOPHCTaHa Ui CaMOBCTaHOB-
nenHs B iHmomy (0-1-6-7). ToMy B 0OJTHOMY KOH-
Typi (0-1-2-3) yTBOpIrotoThes ABa [13, a B iHIIOMY
(0-1-6-7) — Tpm.

VY xoHTypax mapainenorpamis 1-2-4-5 i 1-6-8-9
MOJKJIMBa HemapalellbHICTh Ocell IIapHIpiB MOXKe

CTBOPUTH BHUTHH 1 CKPYUyBaHHS LIATYHIB, 1 1l Je-
(dhopmariii OymyTs BukiHKaHi miero 113, a He miero
3oBHimHKOI cwian [10, 13].

a—a

(11D (11D

a N 10

Puc. 2. CTpykTypHi cXeMH IMOB3yHHO-IIATYHHOTO Me-
XaHi3My 3aXBaTa Ha PI3HUX eTanax Horo poOOTH:
a — 110 3aTHCKY 00°€kTa; 6 — 00 €KT 3aTHCHYTHI

Fig. 2. Structural diagrams of the slider-crank mecha-
nism of gripping device at different stages of its
operation:

a — before clamping the object;

b — the object is clamped
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EdexTuBHUM €cIIOCOOOM 3MEHINIEHHS KIIBKOCTI
[13 € 3HMKeHHS KiIacy KiHeMaTH4HuX map. Ha
puc. 2, 6 B my>KKax IMpeIcTaBIeHI PeKOMEH0BaHI
JUIsl 3aMiHU KJacd KiHEMaTW4YHUX Hap, SIKi JO3BO-
JIATh 3MEHIHUTH KinbKicTh [13 y BHYTpimHIX KOH-
Typax. Cnonyku matyHiB 3 1 7 3 KopoMHuciamu 2
1 6, a TakoXK OOMJBI Mapu WATyHIB 5 1 9 BUKOHaHI
cpepuunumu mapuipamu 111 knacy. Micuesa pyx-
JIUBICTh JIAaHOK 4 1 8 32 OYECBHIAHMMH NPUIMHAMHI
HEe MO)Ke OyTH J03BOJIEHa BCTAaHOBJICHHIM cepu-
YHHUX KiHIEBHX InapHipiB. Toni 3araibHa pyxo-
MicThb Bcix map ckmage f =6-1+1-2+6-6=26,
3’SBJIATHCS. ABI MICLEBI PyXJHMBOCTI — OOepTaHHS
maryHiB 5 1 9 HaBKOJIO CBOIX MO3J0BXKHIX OCEH,
SIKi OJayThCsl 10 OCHOBHOI PYXOMOCTi, a KiJTb-
kictp BHyTpimmHIX I13 3a dopmymoro (1) ckmame
o=@0+2)+6-4—26=1, TOOTO 3a1UIIUTLCS OAUH
13 3aranpawMii a1 koHTYpiB 0-1-6-7 Ta 0-1-2-3.

Hpyeuii  eman — 00’ckm  3amucHymui
(puc. 2, 6). CTpyKTypa MexaHi3My 3MiHHJIacs 1 Ha-
KjaaeHl 30BHIMHI 3B’ a3KU. OCKUIBKHM MEXaHi3MH
3aXBaTiB 3aB)KIU MAalOTh 30BHIIIHI 3B’ SI3KH, TO 3Ti-
JTHO YHiBepCalbHIN CTpYKTypHil Teopii O3zoinca
po3rasaatd ix moTpiOHO 3 aABox mosmmii. [lo-
Tepiie, B 1301 BiJl 30BHIMIHIX Tid, 3 SKUMHU BiH
Mae 30BHIMIHI 3B’s3KH (i30JIbOBAaHO Bin 00’€kTa
MaHIMyJIIOBaHHs); YHCJIO CTYNEHIB CBOOOIM TpH
YCYHEHHMX 30BHIIIHIX 3B’S3KaX HA3WBalOTH (PAKTH-
YHOI0 PYXOMICTIO MexaHizmy (W ). 1lo-npyre, B

pobodoMy cTaHi, KOJNW MIFOTh 3OBHIIIHI 3B’SI3KU
(00’€exT 3aTHCHYTHI); PyXOMICTh HIPH JiF0OYHUX 30B-
HINIHIX 3B’sA3KaX — po0oya PyXOMiCTh MEXaHI3My
(W,). W, MeHmma 3a W, Ha KiIBKICTh HAKJIa/IEHUX

30BHIMIHIX 3B’s3KiB. llepmwii BUMagok BiAmoBigae
CTaHy MEXaHi3My BUILHOTO BiJi 00’€KTy MaHimy-
JIIOBAaHHS, JPYTMd — CTaHy MEXaHi3My, KOJIH
00’ €KT 3aTHCHYTHI.

OcCKiJIbKM  Telep MeXaHi3M Ma€ 30BHIIIHI
3B’SI3KM, TO JJIS TOJAIBIIOTO aHai3y JOIIIbHO
BUKOPHUCTOBYBATH 30BHILIHIO CTPYKTYPHY (GopMy-
Ny, SIKa JTO3BOJISIE BCTAHOBUTH y TAKOMY MeXaHi3Mi
KUIBKICTB 30BHINIHIX [13:

Ga = Sa - (\N(p 7Wp) _Wa ! (2)

ae S,— YMCIIO 30BHINIHIX 3B’A3KiB, W, — 4HCIIO

BTPaYCHUX PYXOMOCTEH 30BHIIIHIX T Bif Jii 30B-
HIIIHIX 3B’SA3KIB.

[Ticas 3aTUCKY JeTali @ B CXeMi YTBOPIOETHCS
e oJuH KOHTYp 1-5-4-a-8-9, a mMexaHi3M 1 30BHi-

LIHE TiIO TIOBHICTIO BTpadaroTh pyxomicts W, = 0.
[lpy mnackux 3aTHCKHMX EIIEMEHTaX Ta JOCTarT-
HBOTO TEPTS MK HUMH 1 00’ €KTOM 3aXBaTy OCTaH-
Hill He MOXKe PyXaTHUCs BITHOCHO MEXaHi3My, TOMY
BBa)kaeMo, 110 Y 30BHIIIHIX Mapax 4-a i a-8 3a nux
YMOB YTBOPIOIOTHCS Hepyxomi 3’emHanHs VI xima-
cy. BaxxnmuBo Bifi3HA4MTH, 1110 30BHIIIHI 3’€THAHHS
CTalOTh 3IATHUMH TIepeiaTH CHIIY Y3HOBXK OCi X i
3MIMCHIOBAaTH BCi TOJMOHOMHI [2] pukmiitHi
3B SI3KU TUIBKH TOMI, SKIIO OOMIBI JIaHKH 8 1 4 3a-
TUCKAIOTb 00’ €KT.

Kinpkicts 3oBHImmHIX [13 3a 3amexHicTio (2):
o0,=12—(1-0)—6=5. Tpu 113 yrBOoproroTscs miz
Yac  HakJIagaHHd  (QPUKUIHHMX  TOJIOHOMHHX
3B’SI3KiB, JIBiYi OOMEXYIOTh Mepeaady MOMEHTY Ha-
BKOJIO OCi Y 1 Tiepeaady cui y3IoBxk oceit x i Z. Ki-
HeMaTH4YHO Oyi10 O JocTaTHBO, MO0 3a3HaueHi Qpu-
KUiHHI 3B’A3KM HAK/IAAaB OAWH 3aTUCKHHUHN €JIEMEHT
3axBata. Pemra nBa 3 BusiBneHux 30BHimHIX 13
BUMaraioThb CYBOPOTO JIOTPUMAaHHS MapaieilbHOCTI
MMOBEPXOHb 3aTHUCKHUX CJICMEHTIB 3axBaTa 1 OIYHUX
MIOBEPXOHB JICTalli B JIBOX B3a€EMHO IEPIECHIUKYIIS-
pHEX miomuHax. s ix ycyHeHHs Oe3 3MiHH ¢op-
MH KOHTaKTYIOUMX ITOBEPXOHb HEOOXi/HE BBEICHHS
B CXEMY PO3BaHTAKYBAJILHOTO 3’€THAHHS, 30aTHOTO
KOMIIEHCYBAaTH TIEpPEKOCH TPH 3aTHCKY 00’ekrta. Ta-
KHM 3’€IHaHHAM MoOxke Oyt cepuuna mapa 10-8
(puc. 1, 3Hn3y npaBopyy). Ilicist i BBeneHHs Hema-
paJIeNBHICTh CTOPiH 00’€KTy Oyne KOMIIEHCOBaHA
CaMOBCTAaHOBJICHHSM. Y cyHeHHS 1ux [13 Tim Oinbin
BaXKJTUBI, 1110 TX J1is1 Mae OaraTopa3oBuil IMITYJIbCHUN
XapakTep, MOBTOPIOETHCS TIPH 3aTHCKAHHSX 1 MTOPO-
JDKY€E JIBa PEAKTUBHUX MOMEHTH, SIKi HE BHKJIMKaHI
JUEI0 CUIT 3aTHCKY.

Ha puc. 2, 6 (BHM3y) mOKazaHa CTPYKTypHa
CXeMa MeXaHi3My PO3IJIIHYTOrO 3aXBaTa, SKa I03-
Oapnena mkigmBux [13. [licns BBeneHHs TpUpy-
XOMOT'O PO3BaHTAXKYBAIBHOTO 3 €JIHAHHS TeEpe]
HaKJIQJICHHSM 30BHIIIHIX 3B’s3KiB (pakTHyHa py-
XOMICTb CKJIaje W, =1+3=4; TyT ROAAOTHCS

Tpu MicueBux pyxnuBocti nanku 10. Tenep orpu-
MaeMo o, =12—(4-0)—6=2, T00OTO 3a/MMIIa-
IOTBCSl 1B T'OJOHOMHHX 30BHimHIX I13, mo mo-
NBIITHO OOMEXYIOTh TepeMillleHHs 00’€KTa 3aTHC-
KaHH{ 32 JBOMa KOOpJAMHAaTaMK y miomusi Z0y. Ix
Iisl 3MEHLIYE MUTOMHIA THCK Y 30HI KOHTakKTy Ta
MiABUIYE BaHTAXKOIIAHOMHICTh MEXaHI3My 3aXBa-
Ta, TOMY BOHHU He miKimsi [16].

3axBaTHUI TPHUCTPiid, BUKOHAHUK 3a IMPOIIOHO-
BaHOIO CXEMOIO, /I KiJIbKICTh BHYTPIIITHIX Ta 30BHi-
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IIHIX TOBTOPIOBAHKX 3B’SI3KiB MiHIMallbHE, O€3yMO-
BHO Ma€ OLTBII BUCOKI eKCIDTyaTalliifHi ITOKa3HUKH.

HaykoBa HOBH3HA Ta IPAKTHYHA
3HAYUMICTh

Briepiie mpoBenenuit cTpyKTypHUH aHaii3 cra-
PEHOrO TOB3YHHO-IIATYHHOTO MEXaHi3My 3aXOIl-
JIIOBAJILHOTO TIPUCTPOIO SIK MEXaHi3My 3MiHHOT
CTPYKTYpM 3 BHYTpPIIIHIMH Ta 30BHILIHIMH
3B’s13kaMi. BUKOHaHI TOKOHTYPHUH TOIIYK, aHAJI3
Ta YCyHEHHS LIKiJIMBUX MMOBTOPIOBAHUX 3B SI3KIB Y
BHYTPIIIHIX Ta 30BHIIIHEOMY KOHTYPaxX MEeXaHi3My.

3ampoIToHOBaHI MPAKTHYIHI peKOMEHIAIII 010
3MIHH PYXJIMBOCTEW KiHEMATHYHUX Tap sl 3MEH-
HICHHS KiTBKOCTI MOBTOPIOBAHUX 3B’SI3KiB y BHYT-
PIIIHIX KOHTypaxX Ta BBEACHHS DPO3BaHTAXXYBaJlb-
HOTO 3’€JHAHHA y 30BHIITHIN KOHTYp MEXaHI3MYy.

BucHoBxku

Haniitnicte MexaHi3MiB 3aXBaTiB, K 1 Hajii-
HICTh OyIb-KMX MEXaHi3MiB, CYTTE€BO 3alIe)KHUTh
BiJl MPaBHJILHOCTI TOOYAOBH MEXaHi3My, BJIAIOTO

MOIIYKY Ta YCYHEHHS WIKiJUIMBUX MOBTOPIOBAaHHUX
3B’SI3KIB.

Y HaWOIBII MOIMPEHUX MEXaHi3Max 3axBaTiB
i3 mapanenbHUMH Ta CIIapEHHUMH MeXaHi3MaMHu 3a-
3BHYAll BETWKA KUTBKICTh ITOBTOPIOBAHUX 3B’SI3KiB
Yy BHYTPIIIHIX Ta 30BHINIHIX KOHTypax i 3MiHHA
cTpyKTypa. st BUSBICHHS Ta yCyHEHHs BHYTpi-
LIHIX Ta 30BHIMIHIX MOBTOPIOBAHHX 3B’SI3KiB 3pyd-
HO 3aCTOCYBaTH y3arajbHEHY CTPYKTYpHY (opmy-
a1y O. O3o:nca.

[licnsa ananizy, MOmIyKy i yCyHEHHSI BHYTpill-
HiX TOBTOPIOBAaHUX 3B’S3KiB, HEOOXITHWI aHaIi3
CXeMH 31 3MIHEHOI0 CTPYKTYpOIO, KOIH YTBOPIO-
€THCSl 30BHILIHIA HE3aJIC)KHUN KOHTYpP MIX JIaHKa-
MU MEXaHI3My 1 3aTHCHYTHM 00’ €KTOM MaHIITyJTO-
BaHHSA. YCYHEHHS IIKIIJIMBUX IOBTOPIOBAaHMX
3B’SI3KIB Y 30BHIIIHBOMY KOHTYpPi MOJIHBI 3a pa-
XYHOK 3HIDKCHHS KJIacy 30BHIIIHIX KiHEMaTHUYHHX
map abo  BBENEHHA  PO3BAHTAXKYBAJIHHOTO
3’€JIHAHHS JJI1 KOMIICHCAIIT MEPEKOCiB MOBEPXOHb
3aTUCKHHX €JIEMEHTIB i 00’ €KTa MaHITyJIFOBaHHSI.
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MOBTOPSIOILIUECS CBSI3U B CXEMAX CTEP)KHEBOT'O
IMOJI3YHHO-IIATYHHOI'O MEXAHU3MA 3AXBATBIBAIOIIIETO
YCTPOMCTBA

Heanb. PaGoTa cBoeil 11enbi0 MMeET MPOBEACHUE CTPYKTYPHOTO aHalln3a 3aXBaThIBAIOIIETO YCTPOWCTBA KaK Me-
XaHU3Ma TEPEMEHHON CTPYKTYphl C BHEIIHUMHU HEYACPKUBAIONIMMH CBSI3SIMH. Takke HEOOXOIUMO OIpEeAeTUTh
KOJIMYECTBO MOBTOPSIONIMXCS CBSI3€H BO BHYTPEHHHX U BHEIIHUX KOHTYpaxX CXeMbl MEXaHHU3Ma U BBISICHUTH CIOCO-
Obl X yMeHbIIeHU. MeToauka. PenieHre MocTaBICHHOW 3aJadi OCYIIECTBIICTCS CPEICTBAMH TCOPUU MEXaHM3-
MOB W MalllMH C TIOMOIIbI0 YHUBEPCAITBHON CTPYKTYpHOI Teopru O30Jca JJs aHAIN3a MEXaHM3Ma CXBaTa Kak Me-
XaHM3Ma C BHYTPEHHHMH M BHEITHUMH CBs3siMH. Pe3ynabTarshl. [IpoekTupoBaHme cXeM MEXaHHMYECKHX 3aXBaTHBIX
YCTPOUCTB PEIKO MpeIycCMaTPUBACT ATAll CTPYKTYPHOTO aHAJM3a M CHHTE3a MEXaHH3Ma, OTAACTCS MpPEAIOYTCHHE
00s13aTeIFHBIM KHHEMAaTHIECKOMY M KHHETOCTAaTHYECKOMY pacdeTaM, KOMIIOHOBKE M KOHCTpPyHpoOBaHHIO. Ecim
CTPYKTYPHBIA aHAIH3 ¥ BBIIOJTHICTCS, TO Yallle BCETO OH OTPAaHUYMBACTCS BHIYHCICHUEM YHCIIA CTETICHEH CBOOOIBI
MexaHu3Ma. JlecATU3BEeHHbIN CTEpKHEBOM MEXaHMU3M CXBaTa MOCTPOEH HAa OCHOBE CIAPEHHOI0 MapajljieorpaMMHO-
T'0 KPUBOIIUITHO-TIOJI3YHHOTO MEXaHW3Ma C BEAYIIMM MOJI3YHOM. Benymuii moa3yH BO3IEHCTBYET Ha MIATYHBI, CO-
€JIMHEHHbIE KOPOMBICIIaMHU CO CTaHWHOW. Ha mpojomkeHry maTyHOB MApHUPHO 3aKPEIUICHBI 3BEHbs, HECYIITUE 3a-
JKUMHBIC 2JIeMEeHTHI cxBata. JloO6aBneHHbIe quaapl 00pa3yroT napajuiesiorpaMM U 00eCTIeYNBAIOT TUIOCKOapaIIeb-
HOE JBW)XCHHE 3KMMHBIX DJIEMEHTOB cxXBaTa. CTPYKTYPHBIN aHAIN3 BBITOTHSIICS TIO CXeMaM JJIs ABYX COCTOSTHUIN
MeXaHu3Ma: J0 3aXKHMa O00BEKTa U B COCTOSHHU 3a)KaToro o0bekTa. OCHOBHBIC BHYTPEHHHE CTPYKTYpHBIC Tapa-
METPHl KHHEMAaTHYECKON CXEMBI: YUCIIO 3BeHbeB — 10, uncio coenuHeHni — 13, 9icao KOHTYPOB — 4, TIOABIKHOCTh
— 1, KonMM4YecTBO BHYTPEHHUX MOBTOPSIIOIIUXCS cBsi3eil — 11. Uncno BHemHMX cBszed — 12, pakTryeckas MOJBHK-
HOCTh M€XaHH3Ma — 1, paboyasi MOJBIKHOCTh MeXaHn3Ma — (), YUCIIO0 YTPAaYCHHBIX MMOJBIKHOCTEH BHEITHETO Teja
OT JCHCTBHS BHEITHUX CBA3eH — 6, KOJMMYECTBO BHEITHUX IMOBTOPSIIOIIUXCS cBsa3eld — 5. Hayunasi HoBu3HA. Briep-
BEIC TIPOBENICH CTPYKTYPHBIA aHAN3 CIIAPEHHOTO TOJI3YHHO-IIATYHHOTO MEXaHM3Ma 3aXBaTHIBAIOIIETO YCTPOUCTBA
KaK MEXaHHU3Ma MePeMEHHON CTPYKTYPhI C BHYTPEHHHMH U BHEITHUMHU CBSI35IMHU. BBINOIHEHBI TOKOHTYPHBIN MOUCK,
aHaMW3 W YCTPAaHCHHE BPEIHBIX MOBTOPSIOUIUXCS CBS3€H BO BHYTPEHHUX W BHENIHUX KOHTYpax MeXaHU3Ma.
IpakTuyeckass 3HAYUMOCTb. [Ipe/yIoKeHbI TPaKTHUECKUE PEKOMEHIAINN M0 U3MEHEHUIO MOJABMKHOCTEW KHHe-
MaTHYECKHUX Map AJIsl YMEHbIIEHUS KOJIUYECTBA TOBTOPSIIOIINXCS CBSI3€ BO BHYTPEHHHUX KOHTYpaxX W BBEICHHUS Pa3-
TPY304YHOTO COCTUHEHHSI B HAPY>KHOM KOHTYpE MEXaHHU3Ma.

Knouesvie croga: MEXaHWUECKH CXBAT; CTPYKTYPHBIM aHANW3; TMOJBUKHOCTh MEXaHH3Ma; MOBTOPSIOUIUECS
CBSI3H; BHEIITHHE CBS3HU
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REPEATED CONNECTIONS IN THE SCHEMES OF LINK SLIDER-
CRANK MECHANISM OF GRIPPING DEVICE

Purpose. The article is aimed to carry out a structural analysis of gripping device as a mechanism with a varia-
ble structure and external unilateral constraints, as well as to determine the number of repeated connections in the
internal and external contours in the mechanism diagram, and to recommend the ways to reduce them. Methodolo-
gy. Solution of the set problem is realized by means of the mechanisms and machines theory using the universal
structural theory of Ozols for analyzing the gripping device as a mechanism with internal and external constraints.
Findings. The design of schemes of mechanical gripping devices rarely provides for a stage of structural analysis
and synthesis of the mechanism. The preference is given to mandatory kinematic and kinetostatic calculations, lay-
out and design. If structural analysis is carried out, then most often it is limited to calculating the number of the
mechanism freedom degrees. The ten-link gripping device is built on the basis of coupled parallelogram slider-crank
mechanism with a leading slider. The leading slider acts on the connecting rods connected by the rocker with the
frame. The connecting rods bear the clamping elements of the gripping device. The added dyads form a parallelo-
gram and provide a plane-parallel movement of the gripping elements of clamp. Structural analysis was performed
using structural schemes for two states of the mechanism: before clamping the object and in the state of the clamped
object. The main internal structural parameters of the kinematic scheme: the number of links - 10, the number of
connections - 13, the number of contours - 4, the mobility - 1, the number of internal repeated connections - 11. The
number of external connections - 12, the actual mobility of the mechanism - 1, the working mobility of the mecha-
nism is - 0, the number of lost mobilities of the external body from the action of external connections - 6, the num-
ber of external repeated connections - 5. Originality. Structural analysis of the coupled slider crank mechanism of
the gripping device as a mechanism of a variable structure with internal and external connections is carried out for
the first time. It is performed contour search, analysis and elimination of useless repeated connections in the internal
and external contours of the mechanism. Practical value. Practical recommendations for changing the mobility of
kinematic pairs are proposed to reduce the number of repeated connections in internal contours and to provide un-
loading connection in the outer contour of the mechanism.

Keywords: mechanical gripping device; structural analysis; mobility of mechanism; repeated connections; exter-
nal connections
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OHNPEJNEJIEHUE BAPBUPYEMbIX KOHCTPYKTUBHbIX
ITAPAMETPOB YPABHOBEIHINBAIOIIIUX YCTPOUCTB
IHOPTAJIBHBIX KPAHOB

Heasb. Mccraenoanue BBINOJHEHO C IENIBI0 COBEPUICHCTBOBAHUS IIpoIiecca MPOSKTUPOBAHUS yPaBHOBEIINBAIO-
IIEr0 YCTPOMCTBA MOPTAIBHOIO KpaHa. [ ee mocTmxeHuss HeoOXoauMo: 1) COCTaBUTh AMHAMHUYCCKYIO U MaTeMa-
THYECKYI0 MOJIEJIM, MO3BOJISIOIINE ONMUCATh ABMKEHHUE YPaBHOBEUIMBAIOIIETO YCTPOMCTBA U CTPEIOBOW CHUCTEMBI
MOPTAJIBHOTO KpaHa MPH W3MEHEHUU BBUIETA; 2) pa3paboTaTh METOAUKY OMpEeICHHs MAacCHBa BAPbUPYEMbBIX KOH-
CTPYKTHUBHBIX MTAPAMETPOB YPABHOBCUIMBAIOIINX YCTPOHCTB; 3) pacCUMTaTh ONTHMAIBHOE COOTHOIICHHE KOOPAHHAT
KpETUICHUS KOPOMEBICITIAa YPAaBHOBEIIMBAIOIINX YCTPOMCTB M M3YUUTh UX BIMSHUC Ha HEYPaBHOBEIICHHOCTH CTPEIIO-
BO# CHCTEMBI IOPTANBHOTO KpaHa. MeToauka. /i1 onpeneneHns KHHEMaTHIEeCKUX XapaKTePICTHK 3BEHBCB YpaB-
HOBEIIMBAMOIINX YCTPOHCTB pa3padOTaHbl THHAMHUYECKAsI 1 MaTeMaTHYeCcKasi MOJICIH, KOTOPHIE MTO3BOJIIOT OIICATh
IIBIDKCHUE MPOTHBOBECa ¢ KOPOMBICIOM TPH M3MEHCHHWH BBUICTA CTPEINBl. 3ajada ypaBHOBEIIMBAHUS CTPEIOBBIX
CHCTEM TIOPTANbHBIX KPaHOB CBOIUTCS K OIPEICIICHIIO KOHCTPYKTUBHBIX MAapaMeTPOB YCTPOUCTBaA, KOTOpoe obec-
MeYNBaI0 OBl YpPaBHOBEIIMBAHUE CTPEIIOBOM CHCTEMBI Ha BCEM [THara3oHe BRUICTOB. Taxke pa3paboTaHa METOIIUKA
OIPEJEIICHUS IPUEMIIEMBIX BapbUPYEMbIX KOHCTPYKTHBHBIX [1aPaMETPOB YPaBHOBEIUBAIOIIUX YCTPOUCTB C Y4ETOM
YCIIOBUI TOABMXKHOCTH, COOMPAeMOCTH M TPeOOBaHMI K 3HAYCHHSM HEYPAaBHOBELICHHOTO CTPEIOBOTO MOMEHTA.
PesyabTarhl. C OMOIIBI0 MATEMATHIECKOTO MOJIETUPOBAHNS HAYYHO 0OOCHOBaHA I1EJIeCO00Pa3HOCTh UCIONIB30-
BAaHUS NPEUIOKECHHON METOAUKU OIPEIEICHHUsS KOHCTPYKTHBHBIX IIapaMETPOB YPaBHOBEUIMBAIOUIMX YCTPOWCTB.
Pa3paboTaHHBIit MacCUB BapbUPYEMBIX JaHHBIX IO3BOJIAET yYUTHIBATh XapakTep yPaBHOBEIIMBAHUS M ONTHMHU3HUPO-
BaTh KOHCTPYKILHUIO YPAaBHOBEUIMBAIOIIUX YCTPONUCTB U CTPEIOBBIX CHCTEM MOPTAIBHBIX KPAaHOB. ABTOPaMH BBITION-
HCH aHAU3 BIUSHHUSA BapbUPYEMBIX IMapaMeTpoB Ha OOMICTIPUHSITHICE KPHUTCPHH OICHKM KadecTBa MIAPHHUPHO-
COWICHEHHOH CTPEIIOBOI CHCTEMBI: HEYPaBHOBEIIICHHOCTh CHCTEMBI, BEC TIPOTHBOBECA, TOKA3ATEIN TPY30BOTO U CTpe-
JIOBOTO HEYpaBHOBEIICHHEIX MOMeHTOB. HayuHasi HoBu3HA. BriepBrie mpeioxkeHa METOANKa ONPEIeTICHUS MacCHBa
BapbUPYEMBIX TAHHBIX, KOTOpas IO3BOJIACT IONyYUTh PAllOHATIbHBIC KOHCTPYKTUBHEIC MMapaMeTphl YpaBHOBEIIUBA-
IOIIUX YCTPOWCTB MOPTAIBHBIX KpaHOB. Pa3zpaboTaHa jokaikHas IporpaMMa Uil KOMIUIEKCHOTO ONTHMHU3AIHOHHOTO
CHHTE3a, MMO3BOJBIIOMIAS ONIPEICIISITH ONTHMATbHBIE COOTHOIICHHSI KOOPIMHAT KOPOMBICIIA, ITPH KOTOPBIX BBITIOJTHSIOT-
Csl YCIIOBUSI YPABHOBEIIEHHOCTH W KadecTBa MOpPTaIbHOTO KpaHa. [IpakTudeckasi 3HaYUMOCThb. [IpennoxenHas me-
TOAWKA ONPEACIICHUA MAaCcCUBa BAPbUPYEMbBIX KOHCTPYKTHBHBIX IMAPaMETPOB MOKET 6I)ITI> HCII0JIb30BaHa IIpy MPOCK-
TAPOBAHUM HOBBIX W MOACPHH3AINHN CYHICCTBYIOIINX YPaBHOBCIINBAIOIINX yCTpOﬁCTB MOPTAJIBHBIX KpaHOB C IHap-
HI/IpHO-CO‘IHeHéHHHMIfI CTPEJIOBBIMU CHUCTEMAMHU, YTO IIO3BOJIUT CHU3UTH MATCPHUATIOEMKOCTH CTpCJ'[OBOﬁ CHUCTEMBI
1 3HepronoTpedieHne kKpaHoB. C MOMOIIBI0 KOMITBIOTEPHOTO MOJIETIMPOBAHMS BRITIOJTHEHA alipo0amys IpeIoKeHHOH
METOJIMKH MPUMECHUTEIBHO K KpaHaM, KOMIIOHOBKa KOTOPBIX 00ECIEYUBAaET COOMPAEMOCTh U TIOJBHKHOCTh 3BCHBECB
BCEX CHUCTEM.

Knrouesvie cnosa: mopTalbHBI KpaH; ypaBHOBEIIMBAIOIIEE YCTPOICTBO; IIAPHUPHO-COUWICHEHHASI CTpEIOBas
CHUCTEMA; CUHTE3; KOHCTPYKTHBHBIE ITApaMETPhl; KOPOMBICIIO; HEYPAaBHOBEIIEHHBI MOMEHT
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BBenenue

ObecrieyeHre ypaBHOBEUIUBAHMS MIAPHUPHO-
COWICHEHHON CTPENIOBOM CHCTEMBI SIBISIETCS BaXK-
HBIM TpeOOBaHMEM IIPH TMPOEKTHPOBAHUH TOP-
TaJIBHOTO KpaHa.

CyIecTBYyIOT pa3U4HbIe CIIOCOOBI M TIOAXOIbI,
MO3BOJIAIONINE COOMIOAATh YCJIOBUE YypaBHOBe-
mennoctH [1, 5, 6, 8-13, 17-22], oqHako HU OUH
U3 HUX HE NaéT BO3MOXKHOCTU KOPPEKTHPOBATh
W yJIy4yllaTh MapaMeTpbl MAapHUPHO-COUICHEHHON
CTPEJIOBOM CHUCTEMBI Ha pEaJbHBIX, BBEAEHHBIX
B AKCIUIyaTallI0, HOPTAJIbHBIX KpaHaXx.

B peanbHOI KOHCTPYKLMH KpaHa BO3MOKHOCTHU
BAPBUPOBAHUS OYEHb OrpaHU4YeHbl. M3meHeHue
HEKOTOPBIX IapaMeTPOB BOOOIIE HEBO3ZMOXKHO, TaK
KaK 3TO MOoTpedyeT IOpOrocTosIiell pPEeKOHCTPYK-
UM KpaHa.

Ha cTpykTypHOl CXeMe ypaBHOBELIMBAIOILLETO
YCTpOMCTBa MOPTANBHOTO KpaHa (puc. 1) yka3zaHbI
3BCHb, 3HAUCHHA KOTOPBIX CYHICCTBCHHO BJIMAIOT
Ha OONIyI0 KOMIIOHOBKY M MAaTepHato&éMKOCTh
kpaHa. K HuM otHocatca: O,A=Db — paccTosiHue
OT OCH KauaHHs CTPEJIbl JO MECTa KPEIUICHUS TATH
npotuBoBeca, AB =C— nnuHa TATM MpOTHBOBECA,
O,B=d— nnuna nepensero miueda KOPOMBICIHA,
BC =r — paccrosiHie OT OCH KayaHHs CTPEJNbI J0
TOYKU KPEIUICHUS! IPOTUBOBECa, M — paccTOsIHHE
M0 TOPU3OHTAIN OT OCH KadaHHs CTPEJbl A0 OCH
KayaHus Kopomeicia, | — paccrosHMe 1O
BEPTUKAIM OT OCH KayaHUs CTpeIbl [0 OCH
KavyaHHs Kopombicia, G — Bec IpoTHBOBECA.

r |
J

€ |

Gy L

Puc. 1. CtpykTypHas cxeMa ypaBHOBEIIHNBAIOIIETO
YCTPOHCTBA MOPTAIBFHOTO KpPaHa

Fig. 1. Structural diagram of balancing unit of the portal
crane

Hean

OCHOBHOM LIENIBIO JaHHOTO HCCIICOBAaHMS SIB-
JsIeTCsl pacuéT BapbUPYEMbIX APaMETPOB YPaBHO-
BCIIMBAIOUIMX YCTPOMCTB MOPTAIBHBIX KPAaHOB
U ONIPE/ICIICHNE MacCHBA KOHCTPYKTUBHBIX JaHHBIX
IUIsl aBTOMATH3UPOBAaHHOTO cuHTe3a. [l nocTu-
KCHUsI 1IeJIM B MCCICAOBAHUM TIPEIYCMOTPEHO:
1) pa3paboTaTh JAMHAMUYECKYI0 M MaTeMaTH4e-
CKYI0 MOJIENH, KOTOpPBIE OIHMCBHIBAIOT JIBIKCHHE
YPaBHOBEIIMBAIOLIECTO YCTPOWCTBA U CTPEIOBOM
CHCTEMBI TIPH U3MEHEHUU BbUIETA; 2) pa3paboraTh
METOAMKY pacyéra U ONpE/IeNICHUs] MacCHBa Bapb-
UPYEMBIX KOHCTPYKTHBHBIX MapaMeTpPOB yPaBHO-
BCIIMBAIOIIETO YCTPOWCTBA; 3) pacCYUTATh OITH-
MajbHOE COOTHOIICHHUE KOOPAMHAT KPEIUICHUS
KOpPOMBICJIa  YPaBHOBEIIHMBAIOLIETO  YCTPOMCTBA
U U3YUYUTH UX BJIMAHHUEC HAa HCYPAaBHOBCHICHHOCTH
CTPEJIOBOM CHCTEMBI MOPTAILHOTO KpPaHa.

MeToauka

Hnst ompeneneHuss KMHEMaTHUYECKUX XapaKTe-
PUCTUK 3BCHLECB YPAaBHOBCUIMBAIOIINX YCTpOP'ICTB
pa3paboTaHbl JMHAMHUYECKass W MaTeMaTHIecKas
MOJIETH, KOTOPBIE MO3BOJISIOT ONHKCAThH JBHKECHHE
MPOTHBOBECA C KOPOMBICIOM NPU U3MEHEHUH BbI-
jera CTpenbl. 3ajada ypaBHOBEIIMBAHUS CTPEJO-
BBIX CHCTEM TIOPTaJbHBIX KpPAaHOB CBOAUTCA
K OIpPENEIeHUI0 KOHCTPYKTHBHBIX I1apaMeTpOB
yCTpOWCTBA, KOTOpOE oOecreunBaio Obl ypaBHO-
BEIIMBAHUE CTPEJIOBOW CHCTEMBI Ha BCEM JHaria-
30HE BBUIETOB. Tarke pa3pabOTaHa METOJHKa
OMpPEACIICHUA TPUCMIICEMBIX BapbUPYEMLIX KOH-
CTPYKTHBHBIX IapaMeTPOB YpPaBHOBEIIMBAIOIINX
YCTPOUCTB C y4ETOM YCIIOBUIl MOABHKHOCTH, CO-
OupaeMocTu U TpeboBaHMI K 3HAUEHHSM HEypaB-
HOBEILICHHOT'O CTPEJIOBOTO MOMEHTA.

Pe3yabTarbl

[lpu TeopeTHuecKuX HCCIECIOBAHUSIX ypaBHO-
BEIIMBAIONIET0 yCTPOICTBA M CHHTE3a MIapHUPHO-
COWIEHEHHOW CTPENOBOM CHCTEMBI aBTOPaMHU
MPEICTaBICHbl COOTBETCTBYIOIINE TUHAMUYECKUE
mozenu [15].

1. Paspabomxa Ounamuueckux mooeneu wap-
HUPHO-COUNEHEHHOU CMPENo8oll CUCIeMbl U YPae-
HOBEWUBAIOWe20 YCMpoucmea nopmanbHo20 Kpa-
Ha. JuHamuueckas  MOJIENb HIAPHUPHO-
COUWICHEHHOW CTPEJIOBOU CHUCTEeMEI (pHc. 2) Xapak-
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TEPU3YETCA TEOMETPUUECKUMH U HWHEPLMOHHBIMU
mapamerpamu [15].

3a OCHOBY B35iTa CTPEJIOBAs CHCTEMA, TPY30BOi
KaHaT B KOTOPOH MPOXOAUT MapajulebHO KECTKOU
OTTSIKKE.

Puc. 2. lunamuueckast Mmozenb
LIApPHUPHO-COWIEHEHHOM CTPEIOBOM CUCTEMBI
MOPTAIBHOIO KpaHa:

1 - crpena; 2 — x000T; 3 — OTTSIKKA;

4 — KOPOMBICJIO C ITPOTHBOBECOM; 5 — I[IpUBOJ ME€XaHU3Ma
W3MEHEHHS BbLICTa; 6 — Tpy3

Fig. 2. The dynamic model of articulated boom system
of the portal crane:
1 —boom; 2 — horse-head jib; 3 — guy;
4 — counterweighted balance beam; 5 — derricking mechanism
drive; 6 — load

IeomeTpuyeckne mapaMeTpbl — CIIEAYIOIIUE:
L, — mmmHa xo6ota, L  — JuuHa KOHTpX000Ta,

L.— mnmna crpensl, L — mmmHa oTTskku, Hp —

X

BbICOTA NOAbEMaA TIpys3a, H — BbICOTa mozaBeca
rpysza, R, — BemuumuHa 3agHero rabapura, o

yronoBasi KOOpAWHATa CTpeibl, p — Yyroil

OTKJIOHEHHS TPY30BOTO KaHATa OT BEPTHUKAIH, Y, ,
Y,, Y3 — BEpPTHKaJbHBIE KOOPIHWHATHI LIEHTPOB
TSDKECTH CTpelbl, X000Ta, IPOTUBOBECA, X, X,

TOPHU3OHTAJIbHBIC KOOPJAWHATBHI LICHTPOB TAKCECTU
rpys3a u XO6OTa, X3 — IOpU30HTAJIbHAad KOOpAUHATAa

ocu Oioka xoborta, @;, ¢,, @3, ¢, — YIJIOBbIE
KOOPJMHATBI POTOpPA 3IEKTPOJBUIaTENsl MEXaHU3-
Ma M3MCHEHHUS BBUICTA CTPENbl, X000Ta, OTTSNKKU

U 1mporuBoBeca, L., — MUHHUMaIbHBIA BBUIET

CTpCJIbI, L — MAaKCHMAJIbHBII BBUICT CTpPCJIBI.

max
K HWHCPUHUOHHBIM HapaMeTpaM OTHOCAT: ml, m2,

my;, m,, M — Macca cTpeibl, Xxo0ora B cbope
C KOHTPXOOOTOM, OTTSKKH, IPOTHBOBECA H TPY3a,
J,J,J,,J;, J, —MOMEHTBI MHEPUMH OTHOCH-
TENBHO COOCTBCHHBIX OCEH BpallICHUs pPoTOpa
ANEKTPOIBUTATENSI MEXaHN3Ma N3MEHEHU BBIJIETA,
CTpelnsl, X000Ta, OTTKKH, TIpoTHBOBeca [15].

K mapamerpam nUHAMUYECKOW MOIECIHU ypaB-
HOBEIHMBAIOIIET0 yCTPOUCTBa (pHC. 3) OTHOCAT: Ly
— paccTOsIHHUE MEXAY MPOTHBOTIOIOXKHBIMU TOYKA-
MH NIpOTHBOBEca U TArH, L, — paGoyas yacth 3y0-
4aToON pelKru MexaHu3Ma U3MEHEHHUs BblIeTa CTpe-
IBl, @, — JJIMHA OIIOPHOM CTOMKH IPOTHBOBECA,
d; — JUIMHA OIOPHOM CTOMKH NPHBOIHOTO MEXa-
Hu3Ma, d — JUIHHA TATOBOTO IUTEYa MPOTHBOBECA,
€ — JUTMHa KPOHINTEHHA MPOTUBOBECA, C — JIMHA
TSTH yPABHOBELIMBAOIIETO yCTpoiicTBa, b — mn-
Ha CTPEJIOBOTO TIeYa MeXaHW3Ma ypaBHOBEIINBA-
HUA, D, — JUIMHA CTPETOBOrO IUIeYa MPUBOIHOTO
MEXaHW3Ma, Y — YroJl HakKJIOHa K TOPU30HTY
OTIOPHOI CTOWKM MPOTHBOBECA, & — yroy HakjlIoHa
K TOpPU3OHTY
U3MEHEHHS BBLIETa, @,

ONOPHOM CTOMKM MeEXaHH3Ma
— yrjoBas KoopauHaTa

IIPOTUBOBECA, (O — YI'OJI pACKPBITHA KOPOMBICJIA.
EN v

Puc. 3. luramMmuyeckasi MOJIeNb YPaBHOBEITUBAIOIIETO
YCTpOMCTBA NOPTAILHOTO KpaHa

Fig. 3. Dynamic model of the balancing unit of the por-
tal crane

2. Paspabomxa  mamemamuueckon — Mooenu
VPABHOBEWUBAIOWE20 YCIMPOUCMEA U CMPENosol
cucmemvl ROpMAIbLHO20 Kpana. VICXoaHbIe TaHHbIC
MaTeMaTHYECKOW MOJIENH, UCXOJS U3 PEeKOMEH/a-
uit [2, 6, 7], MOTYT cOCTOSITh U3 €€ KHMHEMAaTHYe-
CKOH CXEeMbI, TEOMETPHHU MacC W XapaKTEPUCTHK
[MKJIA JBIDKECHMS.

W3MeHeHne TONIOKEHUsT CTPENbl TPUBOJIUT
K U3MEHEHHIO TOJIOKEHUS JPYTUX 3BEHBEB, KOTO-
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pble OIpeAeNATCd KOOpAHUHATaMH X000Ta — O, ,
Y,; OTTSDKKH — (g ; NMPOTHBOBECA — ¢, ; Tpy3a —
X, -

[IpoTrBOBEC C KOPOMBICIIOM BBINOJHIET Bpa-
IaTenbHOe JIBIKEHHWE BOKPYT CBoedl och. ITO

IBIKEHHE MOXKHO 3allicaTh ITIPH ITOMOIIHM JBYX
KOOP/IMHAT:

— BEPTHUKAJbHOM:

Ys =8, -siny —e-sin(u+g,),

Y4 Ze'COS(H+(P4)‘¢4’ (1)

Y4 :_e'Sin(H+(P4)‘(P42+e'COS(H+(P4)‘(P41

— YIJIOBOM:
2 p2 2 22 2
2a, L, d-L
5_(a22_b12+L12)L'1 5_((12_02_}_'_12)'_'1
_ o 2a, - L2 2—2d 2d - L, _
P P i
a-L d-L )

MoMeHT npoTHBOBECA [ODKEH IOJHOCTBIO
YPaBHOBECUTb MOMEHT CTPEJIOBOMl  CHCTEMBI
U 9acTh TPY30BOI'0 HEYPABHOBELIEHHOTO MOMEHTA:
My =My +Mg.

I[OCTI/I‘-II) IMOJIHOTO YPaBHOBCIIMBaHWA Ha BCEM
Aruanas’oHe€ BBUIETOB HEBO3MOXHO, IIOTOMY 4YTO
MOMCHT CTpeJ’IOBOﬁ CUCTCMbI 1 MOMCHT IIPOTUBO-

J d+1—6‘]°°
2

cc

X — X3

mx, =—mg o
r

3. Memoouxa onpedenenus maccuea 6apbupy-
eMblX KOHCMPYKMUBHLIX NAPAMEMpO8 YPAGHOGe-
wusaowe2o ycmpoticmea. 3anada ypaBHOBEIIH-
BaHUS CTPENIOBBIX CHCTEM TIIOPTATbHBIX KPAaHOB
CBOJIUTCS K OMPEICICHNI0 KOHCTPYKTUBHBIX Mapa-
METPOB YPaBHOBEIIMBAIOIIECTO YCTPOHCTBA, KOTO-
poe obecrieunBano Obl YpaBHOBEIIUBAHUE CTPEIIO-
BOW CHCTEMBI Ha BCEM JTUANa30HE BBIJICTOB.

HeypaBHOBeIICHHBIE MOMEHT Ha MaKCHMAllb-
HOM BBUIETE JO/DKEH JEHCTBOBAaTH B CTOPOHY
YMEHBIIIEHUS,, HA MHHAMAJIBLHOM BBLUIETE — B CTO-
POHY YBEIUYEHHUS] TPY30BOIO MOMEHTA, & Ha MPOo-
MEKYTOUHBIX BBUIETAX MMETH OJHY HIIH HECKOIIBKO
TOYEK YCTONUYMBOIO PABHOBECHS CTPEIOBOH CH-

a’>=M %+mg
oo o

—G¢ (L cosa —L, cose, a&);
oa

Beca U3MEHSIOTCS B 3aBUCUMOCTH OT yIila HakJIOHa
CTpEJIBI IIPY U3MEHEHHUH BbIJIETA — OL.

Haubonee mpuemiemoli mokazama ce0s yco-
BEPILUCHCTBOBAHHAs ~ MaTeMaTH4yecKas  MOZETb
YPaBHOBEIICHHON WIAPHUPHO-COWIECHEHHOW CTpe-
JoBoM cucTteMbl (3), KOTOpas y4YUTHIBa€T HEBO3-
MO>KHOCTb MOJIHOTO YPaBHOBELIMBAHUS U HAJIMUUE
HEYPaBHOBELLIEHHOT'O CTPEJIOBOI'O MOMEHTA!

X, — Xg OX
l—F3a—oj+GHecos(p+(p4)

@)

CTEMBI, K KOTOPBIM OHa OYIET CTPEMHUTBLCS B CIIy-
Jae oTKa3a mexanusma (puc. 4) [5, 8, 14-16].

+M
A Py
Rnin\“",—”/ \Rnx
Ma
-M

Puc. 4. I'padpuxu momentoB M ;- ,MQ , ZM
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Jis oOecrieueHUs YCIOBHI ypaBHOBEIICHHO-
CTH CTpPENOBOM CHCTEMBbI MOPTAJbHOIO KpaHa
HEO0OXOIMMO OTpPEAETUTh KOHCTPYKTUBHBIC Mapa-
METPBl YPaBHOBELIMBAIOLIETO YCTPOWCTBA, 3HAUYeE-
HUS KOTOPBIX CYIIECTBEHHO BIHAIOT HA OOIIYIO
KOMIIOHOBKY U MAaTe€pHaloOEMKOCTh KpaHa. Brine-
JIeHHBbIC Ha puc. | mapametpsr 3BeHbeB (I, m, d, €)
MO3BOJISIIOT BBINOJHUTH PAallMOHAJIbHBIA aBTOMATH-
3UPOBaHHBI CHHTE3 3a CUYET BapbUPOBAHUA HX
3HAYCHUH.

anGn(L+cos(x+m)+yc+r
m

I71e I — paccTOsIHUE OT OCH KayaHUsl CTPEIIbl 10
TOYKHU KPEIUICHUS IPOTUBOBECA, () — YTOJI PACKPbI-
THsI KOPOMBICIIA, Y, — PACCTOSHHE T10 BEPTUKAIIH

OT OCH Ka4YaHHs CTPEJIbI 40 TOYKHU KPEIUICHUA IIPO-
THUBOBECCA.

Y. =1+d-sin(w+06),

B . yg —|
0 =arcsin T' (5)

B pesynbTare 3KCIIEpUMEHTAIBHBIX HCCIEI0-
BaHUM MOPTAIBHBIX KPAHOB YCTAHOBIIEHO, YTO OII-
THMaJIbHBIC 3HAYEHHS Beca IMPOTHBOBECA, TPY30BO-
r'0 ¥ HEYPABHOBEIIEHHOTO MOMEHTOB JJOCTHTAIOTCSI
C HUCIIOJIb30BaHMEM aBTOMATH3MPOBAHHOTO CHHTE3a
MpY BapbUPOBAHUHM TAPAMETPOB YPaBHOBEIINBA-
IOIIEr0 yCTPOMCTBA W3 ONPEICICHHOTO MacCHBa:
d=31...36 »;, ¢=81..9,0 »; [=11,85...

13 m; m=4,54...5,83 m.

Ha ocHoBe 00paboTaHHBIX CTATUCTHYECKHX
JIAHHBIX M3YYCHHBIX MOPTAIHHBIX KPAHOB MONyUe-
HBl 3HAYCHHs KOOPAMHAT KPEIUICEHUS KOpOMBICIA
YpaBHOBEIIMBAIOIIETO YCTPOICTBA M pacCMOTPEHA
X B3aUMOCBSI3b C HEYPABHOBEIICHHBIM MOMCH-
tom: M. =f(l); M= f(m).

DKCIEpPUMEHTAILHO YCTAHOBJICHHBIC 3HAUCHUS
napaMeTpoB | 1 M B 3aBUCUMOCTH OT HEypaBHOBE-
LIEHHOI'O0 MOMEHTa OINUCHIBAIOTCS Pa3HBIMH aHa-
JTUTHYECKUMHU 3aBUCUMOCTSIMH, ONpEETICHUE KO-
TOPBIX BBITIOJIHEHO METOJIOM  allPOKCHMAIIHH.
IMouck anmpOKCUMHUPYIOMIUX (QYHKIHA, MaKCH-
MAQJIBHO TMPUOJMKEHHBIX K OKCIEPUMEHTATHHBIM
JIAHHBIM, OCYIICCTBIIEH MOCPENICTBOM IMPOTIPAMMEI
MS Excel meromoM HavMeHbITUX KBajpaToB. Mc-
MOJIB3YS JTAHHBIN METO, GbyHKIIU
M, =Tf();, M,-=f(m) 6bum anmpoxcumupo-

B mporiecce mccneqoBaHus yCTaHOBICHO, YTO
HanOOJIbIIIee BIMSHAE Ha Ka4eCTBO YPaBHOBEIIIH-
BaHUS OKA3BIBAIOT KOOPIMHATHI KPEIUICHHUS KOPO-
MBIC/Ia YPaBHOBEIINBAIOIIEr0 yYCTPOUCTBA: BEPTH-
KaJbHas | ¥ Topu3oHTaNbEHAS M.

MowmeHT npotuBoBeca M 3aBHCHT OT COOT-

|
HOlIeHUs — , Beca mportuBoBeca G, KOOpAUHAT
m

nepeaHero mieda Kopomsicna (Xg;Vg), (XaiVYa):

A XgYa —XaYs
m c(M+1)+XgYa—XaYs (4)
BaHbl CICOYIOIIMMH 3aBUCHUMOCTSIMHU: MHOIOYJIE-
HOM nepBoi CTEIEHU -
M,c=a +a,-l; M,.=a +a,-m, MHOrouie-
HOM BTOpOH CTETIICHU —
- 2. -
Myc=a+a,-1+a;-1°; M,.=a +a,-m+a;-m
SKCHOHQHHHaHBHOfI 3aBHCHUMOCTBIO —

M, =a, -2 ;M. =a -e*™
Pesynbrarer pacu€ToB mpeicTaBieHs! B Taom. 1.
Hns onpenenenus GyHKINUW, KOTOpas HAWITYY-
oMM 00pa3oM OIUCHIBAET 3aBHCUMOCTH MEXKIY
napamerpamu M, u |, M, u m, nms kaxaoro
BUJIa aNIPOKCUMAIINN BBIYUCICHBI KOA(PPHUIINEHTHI

JeTepMUHAIIMA W KO3(D(HUIMEHT KOppensuuu
(Tabm. 2).

Tabauna |
Pesyabrarsl annpoxkcumanuu GpyHkumui
My = £(1); My = F(m).
Table 1

Results of functions approximation
My = £(1); My = f(m).

Bun anmpok- Koopnunats! kperuieHus
CUMalluu I m
Jluneiinas M,,c = —2645,5+RB4.I=—-803,58 + 206,88-m
M, =3412-741\ ;) +=—3628,5+1309,9 - m +
KsagpaTuu- , ,
Has +39,26-1 +106,8-m
Oxcnonen- | M. =1,98- 495\ e =153 0.92m
[MajgbHas
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Tabnuna 2

3HaveHus K03(pPULMEHTOB KOPpPeIIIUH
U leTepMHHALUU

Table 2
Values of correlation and determination coefficients
I m
Koa¢pdumment xoppemnsaun
0,96 0,93
Koadduuunent nerepmu-
HAIMH U1 JIMHEMHOM 0,92 0,86
ATIIPOKCUMAITIH
Koaddumuent nerepmu-
HAIMX JJIS1 KBaApaTu- 0,89 0,89
HOM anmpoKCUMalluu
Koa¢ppunuenr nerepmu-
HAILUU IS DKCIIOHEHIIU- 0,8 0,76
aJbHOH aNIpOKCUMALUU
CoriacHo pPEKOMEHAALMSIM, COACPKAIIIMCS

B pabotax [2—4], sMmupryeckas GyHKIMsS Hanbo-
Jee TOYHO OTpakaeT 3KCHEPHMEHTAIBHBIC IaH-
HBIC, ecli KOP(QOUIMEHT IeTepMHUHALIMH TPHOIIHU-
KEHHO pPaBeH KOA(PUIMEHTY KOPPEISIHH.

B pesynpraTe ucciaenoBaHUd yCTaHOBIEHO, YTO

3aBUCHMOCTE M ;- = f (l) Hamwmyummm ~ o6pasom
OIIMCBHIBAETCS JINHEHHOU GbyHKIMEH
M, =—2645,5+ 234l; a 3aBHCHUMOCTb
M,-=f(m) — xBagparmunoii  QyHKIHEi

M, =-3628,5+1309,9-m+106,8-m®. Iloctpo-

eHbl rpaguku (prc. 5—7), KOTOpbIE OTPAXKAIOT Xa-
paxkTep M3MEHEHHs] HEypaBHOBEIIEHHOTO MOMEHTa
[pH BapbUPOBaHHUH 3HAYCHHH KoopauHat (M, |).

B

450
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——SrcnepemenTansrsie
aawnsie

250

w=lli=Pacy&THbIE AaHHbIE
200 nuHeiinbie

— [IUHEHAR
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HeypasHoBewenHbiii mowmenT, M, ki

50

o
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3nauenns koopaumarss, |, m

12,84 13

Puc. 5. I'paduk nuHEHHON 3aBUCUMOCTH

M, = ()
Fig. 5. Graph of linear dependence
M, =f()

ey panHosewenHmA momenT, M, kHm

|
l
| l
|

493 5,23 5,53 583

3navennn xoopaMNaTH, m, M

Puc. 6. ['paduk kBagpaTUIHON 3aBUCUMOCTH
M e = f(m)

Fig. 6. Graph of quadratic dependence M,,. = f(m)
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KpenneHus Kopombicnamu |

7
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&
8
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@ s
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]
g

HeypaBHOBeLU eHHbl i MOMEeHT,
a8
8 8

H
8

w
g

°

11,85 11,94 12,54 12,84 13

8~ 3uauenns HeypasHOBewWeHHOTO
MOMeHTa Npw U3MeHeHM
KoopauHaTe! m

117,401 | 147,158 | 233852 | 301,32 349,57 378,59

= 3HAUEHMA HEYPABHOBEWEHHOTO
MOMEHTa NP WIMeHEHUH
oopauuas! |

127,37185 | 148,43194 | 218,63224 | 288,83254 | 359,03284 | 396,473

Puc. 7. I'paduk 3aBUCHMOCTH HEYPaBHOBEUIICHHOTO
MOMEHTa OT KOOPJANHAT KPeTJICHU KOPOMBICIIa
ypaBHOBelIMBatoLlero ycrpoiicrea M. = f(m,I)

Fig. 7. The graph of the dependence of the unbalanced
moment on the coordinates of the mounting
of the beam of the balancing device M. = f(m,I)

Pesynbrarh ncciaenoBaHus OTPaXKEeHBI B padoTe
[15]:

1. OntuManbsHbIe 3HAYCHHUS HAa3BaHHBIX KPUTE-
pueB KayecTBa JIOCTUTAIOTCS npu
m=4,63...5,425 m, 1 =11,94...12,72 m.

2.3HavyeHus] TMapaMeTpOB H3MEHHTh OTHOCH-
TEJILHO ONTUMAJILHBIX 3HAUYEHUH M u | BO3MOKHO
He 6oiee, yem Ha 0,1 M. [lanbHeiiee n3MeHEHUE
HEJIOITyCTUMO TI0 OTPAaHUYEHUSAM yTIIa 3aX0ja Ipo-
TUBOBECA M 00ECIICYCHHS] KOMIIOHOBKH CTPEIIOBO
CUCTEMBI U CUCTCMBbI ypaBHOBeIHI/IBaHI/IH.

3.Ha kayecTBO ypaBHOBEHIMBAHUS CHCTEMBbI
B HauOOJIbINCH CTeMeHH BusieT mapameTp | .

4. XapakTep W3MEHEHUS HEYPaBHOBEIIEHHOTO
MOMEHTa B  ONTHMH3HPOBAHHOM  BapHaHTE

(—=2,35...2,58 M) MOTHOCTHIO OTBEYAET BCEM
m

TpGGOBaHI/ISIM K CUCTEMEC YPAaBHOBCIIMBAHMA.
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5.1lpu yMeHBINICHMM WU YBEJIWYCHHU T1apa-
METpoB M ® | TpPOIEHT HEeypaBHOBEIICHHOCTH
YBEIIMYMBACTCS, & HEYpPaBHOBEUICHHBIH MOMEHT
MPUHUMAET HEXEATEIbHYI0 HAPaBICHHOCTb.

4, Dxcnepumenmanvhvie UCCIe008aHUe AOEK-
B8AMHOCIU NPEONONCEHHOU MeMOOUKY HA KOMNb-
IOMEPHBIX MOOEAX NOPMATLHBIX KPaHo8. ABTopa-

MU arpoOUpOBaH MPEICTABICHHBIA METOT ONpee-
JICHUST MAaCCHBa BapbUPYEMBIX KOHCTPYKTHBHBIX
MapaMeTpoB  YPaBHOBEIIMBAIOIIUX  YCTPOWCTB
MIPUMEHUTENBHO K KpaHaM, KOMIIOHOBKAa KOTOPBIX
obecrieunBaeT COOMPacMOCTh M MTOABHKHOCTD 3BE-
HBEB CTPEIOBOW CHCTEMbI i YPABHOBEIIHBAIOIIETO
ycrpoticTsa (Tadu. 3).

Tabnuma 3
AHaJIn3 BapbUpYeMbIX IapaMeTPOB YPABHOBELIMBAKLIEr0 YCTPOHCTBA
Table 3
Analysis of variable parameters of the balancing unit
Mopaenu nopTaibHBIX KPAaHOB
Pesynbrathl Hccnenosa- L t L
HUSA = 8 = 8 = S
E © E & E <
@ < P = @
[{e] N o
— ™ <
d=31.36 um d =318 wm; d=35 u d =327 um;
¢=81..9,0 m; c=8,2 m c=8 m c=8.42 i,
1=11,94...112,72 1=11,94 a; 1=12,1 wu; 1=12,6 wm;
m=4,63...5,42 m. m=4,63 . m=4,72 m. m=52 m.
Tabnuma 4

C mnomompr0 MeTona ONpEeAeNeHHs MacCHBa
BapbUPYEMBIX IapaMeTPOB YpPaBHOBEUIMBAIOIINX
YCTPOMCTB MOPTaIbHBIX KPAHOB MPOAHAIU3UPOBA-
HO KaueCTBO YPaBHOBEIIEHHOCTH 1O U IOCIIE HC-
MOJIb30BaHUS MPEACTABICHHON METOIUKHA W aBTO-
MaTHU3UPOBAHHOTO CHHTE3a (Ta0m. 4).

AHanu3 TOKazaln 1esecoo0pa3HOCTh  HC-
TIOJIb30BaHUS MPEICTABICHHON METOAMKH U PEKO-
MEHAAIMA B KOMIUIEKCHOM ONTHMM3AIIMOHHOM
cuHTe3e [16] mapHUPHO-COUWICHEHHBIX CTPEIOBBIX
CHUCTEM MOPTAIBHBIX KPAHOB.

Ha ocHOBaHMM MaTeMaTH4ECKUX pPacy€TOB
U KOMITBIOTEPHOTO MOJICJIMPOBAHMS HAYYHO 00O0cC-
HOBaHa 1eJIECO00Pa3HOCTh WCIONB30BaHMS IpeN-
JIO’)KEHHOW METOJIWKH OTpeNeieHHs KOHCTPYKTHB-
HBIX MTapaMeTPOB YPaBHOBEIINBAIOIINX YCTPONUCTB.
PazpaGoTaHHbBII MacCHMB BapbUPYEMbIX JaHHBIX
MTO3BOJISIET YYMTHIBATh XapakTep YpaBHOBEIIMBA-
HUS ¥ ONTHMH3UPOBATh KOHCTPYKIIMIO ypaBHOBE-
HIMBAIOIIMX YCTPONCTB M CTPEIOBBIX CUCTEM IIOP-
TaJbHBIX KPAHOB.

AHanu3 noka3zareseil ypaBHOBeIIEHHOCTH
CTPeJI0BOIi CHCTEMBbI MOPTANBHBIX KPAHOB

Table 4

Indicator analysis of the boom system balance

for portal cranes

KIIIT 16-36-10,5

[Tokazarenun
YPaBHOBEILCH- Tocite
HOCTH Jo ontummzanum
OINITUMH3ALIUHN
M -
acca npotH 15,7 1 11,09
BOBeca
HeypaBHoge- 14,5 % 2%
MIEHHOCTh
Heypasnose-
IIEHHBIN MO- 776,24 xH-m 110,64 kH-m
MEHT
KIIIT 32-32-10,5
ITokazarenu
ypaBHOBE- Jlo Iocie
IIEHHOCTH
ONTUMHU3AIUU ONTUMU3AIUU
Macca npoTu- 2351 20,11

BOBECa
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Ipononxenue Tadbaunsl 4

Continuation of a table 4

KIIIT 16-36-10,5
Tloxazarenu
YPaBHOBEILIEH- Tocre
HOCTH Jlo onTuMHU3auu
OIITUMH3ALTUHN
HeypasHoBe- 704 2%
MIEHHOCTh
HeypaBHoBe-
[IEHHBIA MO- 637,29 kH'™m 446,1 xH'm
MEHT
KIIIT 40-34-10,5
IloxazaTtenu
YpaBHOBE- 210 Tlocie
IEHHOCTH
ONTUMHU3AIUU ONTUMU3AIUN
Macca npotu- 26,71 23,51
BOBeca
Heypasnose-
26 % 5%
MIEHHOCTh
Heypasnose-
IIEHHBIA MO- 133,02 xH'Mm 105,65 xH-Mm
MCHT

Haquaﬂ HOBHU3HA U MPAKTHYECCKas]
S3HAYUMOCTDb

BrniepBeie mpencTaBieHa MeTOAMKA OIpenene-
HUSl MacCUBa BapbUPYEMbIX JTaHHBIX, KOTOpas M03-
BOJIsIET C(OPMUPOBATH MACCHB PALMOHAIBHBIX
MapaMeTpoB  yPaBHOBEILMBAIOIIUX  YCTPOMCTB.
Pazpaborana nokanpHas mporpamMma s KOM-

IJICKCHOTO OINTHUMHU3AIIMOHHOTO CHHTE3a, I03BO-
JISFOIIAs OIPENeNsITh ONTHMAaIbHbIE COOTHOIICHHS
KOOpJMHAT KOPOMBICTA, MPHU KOTOPOM BBITIONHS-
IOTCS YCJIOBHSI YPaBHOBEIICHHOCTH W KadecTBa
MTOPTAIBHOTO KpaHa.

[IpencraBnennas MeToAWKa pacuéra W OImpese-
JICHUS MacCHBa BapbUPYEMBIX KOHCTPYKTHBHBIX
MapaMeTpPOB MOXKET OBITh BHEJIPECHA B TPAKTUKY
MIPOEKTHO-KOHCTPYKTOPCKUX ~ OpPTraHU3aluil s
pa3paboTOK, MPOSKTUPOBAHUS HOBBIX U MOJCPHHU-
3allMM  CYIICCTBYKOINUX  YPaBHOBEUIUBAIOIIMX
YCTPOMCTB TMOPTANBHBIX KPaHOB C MIAPHHPHO-
COWICHEHHBIMU CTPEIOBBIMUA CUCTEMAaMHU.

BriBoabI

B craree paccMOTpeH METOA OIpENENeHUs Ba-
PBUPYEMBIX NAHHBIX [UISI KOMIUIEKCHOTO ONTHMH-
3aLIMOHHOTO CHUHTE3a YPABHOBEIIMBAKOLIUX
ycTpoiicTB. Pa3paboTku BBIOIHEHB! Ha 06a3e mpo-
rpammel MS Excel.

ABTOpaMI/I BBITIOJIHCH aHAJIM3 BJIMAHUA BapbH-
PYEMBIX IMapaMeTPOB Ha OOIICIPUHATHIC KPUTSPHH
OLICHKM KaudecTBa IIAPHUPHO-COWICHEHHOW CTpe-
JIOBOM CHUCTEMBI: HEYypaBHOBEIIEHHOCTh CHUCTEMBI,
BEC NPOTHUBOBECA, IOKA3aTEeNId TPY30BOTO U CTpe-
JIOBOT'O HCYPABHOBCIICHHBIX MOMCHTOB.

[IpennoxenHass MeTonuka anpoOWpoOBaHa NPHU
3aIyCKE€ KOMIUIEKCHOTO ONTHUMHU3ALMOHHOIO CHH-
Te3a NPUMEHUTEIBHO K KPaHAM, KOMIIOHOBKA KO-
TOPBIX OOEcIeunBaeT COOMPaeMOCTh M IOABHXK-
HOCTb 3BEHBEB BCEX CHCTEM.
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BU3HAYEHHS BAPIMOBHUX KOHCTPYKTUBHUX TAPAMETPIB
3PIBHOBAXKYBAJIbHUX IPUCTPOIB IOPTAJIBHUX KPAHIB

Mera. JlocnipkeHHS BUKOHAHE 3 METOI0 BJOCKOHAJICHHS IIPOLIECY NMPOEKTYBaHHS 3PIBHOBa)KYBAJILHOTO MpH-
CTPOIO MOPTaNBHOTO KpaHa. /s ii qocsirHeHHs HeoOXiqHo: 1) CKiacTu AMHAMIYHY i MaTeMaTHYHY MOAENI, sKi J10-
3BOJISIIOTH ONKCATH PYX 3PIBHOBA)KYBAILHOTO IPHCTPOIO Ta CTPLIOBOI CHCTEMH MOPTAJIBHOTO KpaHa B pasi 3MiHU
BUITBOTY; 2) 3aMpOMOHYBATH 3aci0 BU3HAUCHHS Ta METOIUKY PO3PaXyHKY MAaCHBY BapiilOBHHX MapaMeTpiB KOHCTPY-
KITil 3piBHOBaXYBAJILHUX TIPUCTPOIB; 3) po3paxyBaTH ONTHMAJbHE CITiBBIIHOMICHHS KOOPIWHAT KPITJIEHHS KOPOMH-
cJ1a 3piBHOBAYKYBAJIBHOTO MPHCTPOIO T4 BUBYMTH iX BIUIMB Ha HEBPIBHOBAXXEHICTH CTPLIOBOI CHCTEMH HOPTAIBHOTO
kpaHa. Meroauka. J[7s1 BU3HaYEHHA KIHEMAaTHYHUX XapaKTEPUCTUK JTAHOK 3piIBHOBAXKYBAJIBHOTO IPHCTPOIO PO3PO-
OneHi TMHaMiYHA ¥ MaTeMaTHYHa MOJENI, SIKi TO3BOJISIOTH OIMMCATH PYX IMPOTHUBATH 3 KOPOMHUCIIOM 32 YMOBH 3MiHH
BIJIBOTY CTpinH. 3a/mada BPiBHOBAXCHHS CTPIJIOBHUX CHCTEM IMOPTAIBFHUX KPaHIB 3BOMUTHCS 0 BU3HAUCHHS KOHC-
TPYKTHBHUX IapaMeTpiB 3piBHOBAXKYBAIBHOTO MPHUCTPOIO, SIKUi 3a0e3rneuyBaB OM BpPiBHOBaKEHHS CTPLIOBOI CHCTE-
MU Ha BCbOMY Jliana3oHi BUWIbOTIB. Takox po3po0iieHa MEeTOMKa BU3HAUCHHS IPUHHATHUX BapiiOBHUX KOHCTPYK-
TUBHHMX NapaMeTpiB 3piBHOBAXXYBAJIbHUX MPHUCTPOIB i3 ypaxyBaHHSIM yMOB PYXOMOCTi, 30MpaHOCTi Ta BHMOI' JIO
3HAUeHb HEBPIBHOBA)XEHOT'O CTPLIOBOrO MOMEHTY. Pe3yibTaTru. 3a DOMOMOTOH MaTeMaTHYHOTO MOJISIIOBAHHS
HAYKOBO OOIPYHTOBaHa JIOLUIBHICTh BUKOPUCTAHHS 3alPOIOHOBAHOI METOJIUKH BH3HAUCHHS KOHCTPYKTUBHHUX IIa-
paMeTpiB 3piBHOBaXXyBaJbHUX MPHUCTPOiB. PO3po0OieHuit MacuB BapiiioBHUX JaHUX JTO3BOJISE BPAXOBYBATH XapaKTep
BPIBHOBAXCHHS ¥ ONTHUMI3yBaTH KOHCTPYKIIIO 3piBHOBaXXYBAJIbHNX IIPUCTPOIB CTPLIOBUX CHCTEM MOPTATBHUX Kpa-
HiB. ABTOpaMH MPOBEICHNUIA aHaJi3 BIUIUBY BapiiOBHHUX MapaMeTpiB Ha 3aTalbHONPUIHATI KpUTEPii OIIHKH SKOCTI
IIapHIPHO-34JICHOBAHOI CTPLIOBOT CUCTEMH: HEBPIBHOBA)XXEHICTh CHCTEMH, Bara IMPOTHBATH, TOKa3HUKH BaHTAKHOTO
I CTpiIOBOTO HEBPIBHOBa)KCHMX MOMEHTiB. HaykoBa HOBH3HA. YIiepIie 3alpOIIOHOBaHA METONWKAa BHU3HAYCHHS
MacHBy BapiHOBHHX JaHHX, SIKa JO3BOJIIE OTPHMATH PAIiOHATIbHI KOHCTPYKTHBHI MapaMeTpH 3piBHOBa)KYBaIbHUX
MIPUCTPOIB MOPTAIBHUX KpaHiB. Po3pobieHa nokanpHa mporpama Uit KOMIUIEKCHOTO ONTHMI3alliifHOTO CHHTE3Y, L0
JIO3BOJISIE BU3HAYATH ONTHMANbHI CITiBBIJHOLIEHHSI KOOPJMHAT KOPOMHMCIA, 32 SIKMX BHUKOHYIOTHCS YMOBU BDPIBHO-
Ba)KEHOCTI Ta SKOCTI opTajibHOro kpana. [IpakTuyna 3HaYMMicTh. 3arporioHOBaHa METOJMKA BU3HAUCHHS MacH-
By BapilOBHUX KOHCTPYKTHBHHX NapaMeTpiB MOke OyTH BUKOPUCTaHa IIiJl Yac MPOEKTYBaHHS HOBHX 1 MOAEpHizalil
HasiBHUX 3piBHOBA)XYBaJbHUX MMPUCTPOIB MOPTAIBHUX KPaHIB 13 IAPHIPHO-34JICHOBaHUMH CTPIIOBUMH CHCTEMaMH,
IO JIO3BOJIUTh 3HM3MTH MAaTEpIAJIOEMHICTh CTPLIOBOI CHCTEMHM W €HEProCIO)XMBaHHS KpaHIiB. 3a JIOMOMOTO0
KOMIT FOTEPHOTO MO/IEIIIOBaHHS BUKOHAaHa arpoOallis 3alporIOHOBAHOT METOANKH CTOCOBHO KpaHiB, KOMIIOHYBAaHHS
SIKUX 3a0e31medye 30UpaHiCTh 1 PyXOMICTh JTAHOK YCiX CHCTEM.

Kniouosi cnosa: mopTanbHUM KpaH; 3piBHOBa)XXYBAJIbHUI HMPHUCTPiH; MIApHIPHO-3WICHOBAaHA CTPIJIOBA CHCTEMA;
CHHTE3; KOHCTPYKTHBHI MapaMeTpH; KOPOMHCIIO; HEBPIBHOBa)KCHUH MOMEHT
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DETERMINATION OF THE VARIED CONSTRUCTIVE PARAMETERS
FOR BALANCING UNITS OF PORTAL CRANES

Purpose. The research was carried out to improve the design process of the balancing unit for portal crane. In
order to achieve the purpose one should: 1) to develop a dynamic and mathematical model that allows describing the
movement of balancing unit and the boom system of portal crane, when derricking; 2) to propose the way for deter-
mining and the methodology for calculating the array of variable design parameters of balancing units; 3) to calcu-
late the optimal ratio of the beam mounting coordinates for balancing units and to study their influence on the im-
balance of the portal crane boom system. Methodology. To determine the kinematic characteristics of the balancing
unit links, dynamic and mathematical models, describing the movement of balance beam with counterweight when
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derricking, have been developed. The task of balancing boom systems of portal cranes is reduced to determining the
design parameters of the device, which would provide balancing of the boom system on the entire range of derrick-
ing. It was also developed a methodology for calculating the acceptable varying design parameters of balancing
units, taking into account the conditions of mobility, assemblability and the requirements for the values of unbal-
anced boom torque. Findings. Based on mathematical calculations and computer simulation the expediency of using
the proposed methodology for determining the design parameters of balancing units has been scientifically substan-
tiated. The developed array of variable data makes it possible to take into account the nature of balancing and opti-
mize the design of counterbalancing devices and boom systems for portal cranes. The authors analyzed the influence
of variable parameters on the generally accepted criteria for assessing the quality of the articulated boom system: the
system's unbalance, the weight of counterweight, the indices of load and boom unbalanced moments.
Originality. For the first time, a methodology for determining an array of variable data has been proposed. It makes
it possible to form the array of rational design parameters of balancing units. It was developed a local program for
complex optimization synthesis, which makes it possible to determine the optimum ratios of the balance beam coor-
dinates, under which the conditions of balance and quality of the portal crane are satisfied. Practical value. The
proposed methodology for determining the array of varying design parameters can be used in the development or-
ganizations for designing new and retrofitting the existing balancing units for portal cranes with articulated boom
systems. The proposed methodology was tested at the launch of complex optimization synthesis with respect to
cranes, the configuration of which ensures assemblability and mobility of the links of all systems.

Keywords: portal crane; balancing units; articulated boom system; synthesis; design parameters; balance beam;
unbalanced moment
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JOCJAIIXKEHHS IIPUYUH NEPETYACHOI'O PYHHYBAHHS
KOJITHYACTOTI'O BAJIA TEIIVIOBO3A 2TE116

Mera. Pobota cipsiMmoBaHa Ha BUSIBICHHS NPUYWH MEPEYacHOr0 PYHHYBaHHs KOJIHYACTOTO Baja JU3eJs Tell-
noBo3a 2TE116. Meroanka. 3acTocoBaHi MakpOCTPYKTypHHH, (pakTorpadidHuii, aHamiTH4Huil aHanizu. BoHu
JIO3BOJIMIIM BHUSIBUTH NPUYUHM NEPEIUacCHOrO pyiHyBaHHs Bana. Pesyabrarn. Y 1iii poOoTi mpeameroMm aocii-
JOKEHHS € HE TIIbKU CTPYKTYpHHMH CTaH Ta BJIACTHBOCTI MaTepiany Baja, a i XiMIUHI BJIaCTHBOCTI HaBKOJIHMIIHBOTO
cepeoBuINa, poboYoi PiAMHE Ta CTaH POOOYOi JOKYMEHTAIl] 3 eKCIUTyaTallii 03HaYeHOro TerioBo3a. IIpoBeneHi
JIOCII/KSHHS TToKa3anu: 1) HeBiAMOBIAHICTh yAapHOI B SI3KOCTI MaTepiany KOJIHYACTOro Bajia BUMOTaM BiAMOBIi-
HOTO CTaHAAPTY; 2) HAsABHICTh Y XIMIYHOMY CKJIaJii MacTuia Oinbine HiX Ha 17 % MU3eTbHOTO MajKBa, IO 3HAYHO
MiABHINYE KOSPIieHT TepTs B poOOYOMY MEXaHi3Mi 3a PaXyHOK YTBOPEHHS Harapy, AUITHOK 34eIUICHb Ta MITHHIO-
BOT KOpo3ii Metany; 3) BUpBaHi CTOPIHKH POOOUYOro JKypHATY JOBOJSTH, IO SKCIUTyaTalliiHi CTy)KO0M HaMaraiucs
NPUXOBAaTH HEHAJEe)KHE BHKOPHCTAHHA Ta JOIVSN 3a poOOYMMHM MeXaHi3Mamu jausens TteruioBoza 2TE116.
HaykoBa HoBHM3HA. Y pOOOTI 3aCTOCOBAHO KOMILICKCHHM aHATITUYHUN 1 TEXHIYHUI TiAXIA 10 BUABJICHHS MPHYNH
MepeIYacHOro pyHHyBaHHS KOTiHYacToro Baja temioBoza 2TE116. OriHeHo MakcUMallbHY KUTBKICTh (PaKTOPIB, SAKi
MOTJIM BIUIMHYTH Ha MepeuacHe pyHHyBaHHs KOJiHUACTOro Basa. [loka3aHo, 110 CYKYIHICTh (PaKTOPIB, SIKi HEraTu-
BHO BIUIMHYJIM Ha eKCIUTyaTalliifHi XapaKTepUCTHUKH KOJIHYAaCTOTO Baja, IOCATIIA TaK 3BAaHOT «KPUTHYHOT Macky», 110
HEMUHY4Ye BUKIIMKAIIO PYHHYBaHHs. YTIPOBAIKEHHS J01aTKOBUX (haKTOPiB CUrHami3awil (OKpiM IIyMOBOTO (hakTopa
y mpotieci poOoTi Ju3esst 3 MAaCTUIIOM, 3aCMiYeHHM Oibll HiX Ha 17 % nu3enbHUM NajJuBOM) Ta KOHTPOJIIO HecIpa-
BHOCTEH y poOOTi MOMIOHNX BENMKUX MEXAaHIYHHX arperaTiB JO3BOJUTH JOJATKOBO IMCIHUILIIHYBATH MAIIUHICTIB
1 cirocapiB T Yac BHUKOHAaHHS IHCTPYKLIA JUIA TOTEPEIDKCHHS pPYHHYBaHHS KOHCTPYKIIH JIOKOMOTHBIB.
[pakTuyna 3HaAYNMicTh. J{OCTIHKEHHS TMIATBEPIUIN BasKIUBICTh KOHTPOJIO 33 XIMIYHHM CKJIAZIOM 1 MEXaHIYHH-
MH XapaKTepUCTHKAMU BiAMOBINANEHUX JeTallel i KOHCTPYKIIH pyxoMoro ckiany. JloBeeHo HEOOXiTHICTh Mmepio-
JUYHOTO KOHTPOIIIO XIMIYHOro ckiaxy Mactuia. Harmsin 3a akypaTHUM BeJICHHSIM poOO0YOro sKypHalIy MOXe Hore-
peauTH pyHHYBaHHS KOHCTPYKIIH PyXOMOro CKJIaay, sIki MaloTh BUCOKY BapTiCTb.

Kniouosi crosa: nuzenn; temmoo3 2TE116; macTuio; nepeayacHe pyldHYBaHHS; KOJIIHYACTUIl Bajl; MEXaHIuHi
XapaKTePUCTUKU

Maclla Ta MEXaHIYHHX BHIPOOYyBaHb MeTally, Ha-

Beryn . o
y nanux [IpAT «/lHITpOneTpoBChKUHN TEIIOBO30pE-

Jnst mpoBeleHHs JTOCHTIKEeHb iMOBIpHOI HpH-
YMHU 371aMy KoJliH4acToro Bama muszens [149 ten-
noBo3a 2TE116, Ha mifcraBi metanorpadiqHoi ek-
CHepTU3U 3pa3KiB Baia KosiH4yactoro /{49, dpak-
TorpaiyHOl OWIHKH 3/1aMy, aHalli3y XiMiYHOTO
CKJIaay marepiaily, MOCIIIKEHb BiAIpPalbOBAHOIO

MOHTHHH 3aBOJ», BUKOPUCTAHO TEOPETHYHI OLiH-
KH pe3y/bTaTiB BUNPOOYBaHb, TEXHIYHI BIIIMITKH
B po0OYOMy KYypHali eKcIulyaralii TerioBo3a
2TE116, po3pobieHo pekomMeHgamii 3 MOJAIbIIOT
eKCIUTyaTallil KOJIHYACTHUX BaJliB JU3EIbHHUX JIBH-
ryHis J149.
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Meta

PoGota cripsiMmoBaHa Ha BHSBJICHHS IIPUYUH TIe-
pendyacHoro pyiHyBaHHS KOJIHYACTOTO Bajia JAM3e-
ns1 /149, sikocTi MaTepiady Ta yMOB eKCIDTyaTarlii.

O6’extom mocmiukeHns € Bax Ne 01-354 nmuse-
ns tuny 149, Burorosnenuii 30.05.91, i BcraHOB-
neanii Ha jgokomoTuB 2TE116 Ne 969, dortokomii
CTOPIHOK pobodoro kypHany TemioBo3a 2TE116,
3Bit, Hagauuii [IpAT «/ITP3», npo meranorpadiu-
Hi Ta MeXaHi4Hi BHIIPOOYBaHHS MeTaly IIUHKH
3JJaMaHOI0 KOJIIHYACTOr0 Bayia, XIMIYHMHM aHai3
Mactuia M—1412. [Ipo6ir TemoBo3a 3 1M BaJloM
Mic/sl KamiTaJbHOTO PEMOHTY cKiaB 56 735 km
(mct IIpAT «IATP3» Big 24.04.2017, Bux.
Ne 15-01/221).

MeTtoauka

VY poboti 3acTocoBaHO MaKpOCKOMiuHi, (pax-
TorpadiuHi METOAN IOCIIIKEHHS CTPYKTYpH 3I10-
My, aHaJIITHYHI JOCHIPKEHHS poO0YOi IOKyMEHTa-
11, XiMiYHI JTOCII/PKEHHS CKJIaly MacTHJIA JU3CIIs.

Pe3yabTaTn

KoninwacTuii Ban HaneXuTh 1O 4YMCiIA Haid-
OUTBII HANpY>KEHUX 1 IOPOTHX JleTajell JABHTYHA.
Woro Bapricts cknamae 30 % Big BapTOCTi BCHOro
JBUTYHA.

VY mporieci poOOTH JBUIYHA KOJIHYACTHM Bajl
HABaHTAXXYETHCS CHJIAMH THUCKY Ta3iB, a TAKOXK CH-
JaMM iHepuii Jetanei, 0 pyXaroTbCs 3BOPOTHO-
MoCTynaJbHO Ta oOepraroTbes. Ui cumu BUKIIMKa-
I0Th 3HAa4YHI HamnpyXeHHS KpY4YCHHS, BUTHHY
i o0epTanbHI KOJIWBaHHS, BHACIIJOK YOTO IIUHKA
Bajla 3a3HAIOTh 3MIHHOTO HAaBAaHTAXKCHHS, SIKE BU-
KIIMKa€e 3HaYHy poOOTy TepTs 1 3HOC 1muiiok. Tomy
KOJIIHYaCTHI BaJl IOBUHEH MaTH BUCOKY MIIHICTb,
KOPCTKICTh 1 3HOCOCTIWKICTH ITOBEPXOHB, SKi
TPYThCS MPH BITHOCHO HEBENMKiH Maci, Mo CKia-
nae He Oinbiie 15 % macu aBuryna. Komindactuit
BaJI MO>K€ OyTH BUTOTOBJIEHHUH 3 SIKICHOI JIErOBaHOI
cTajl KyBaHHSAM a0o0 INTaMIyBaHHSM, a TaKOX
JUTTSM.

KouninvacTuii Bai TEIUIOBO3HOTO JH3€Nsl THITY
149 mae 10 xopeHeBUX 1 8 MWIATYHHUX MIMHOK, IO
po3tamoBani mig kyrom 90° omHa 10 omHOI. Mixk
9-10 1 10-10 KOPEHEBUMHU IIMHKAMH BCTAHOBIIIOETh-
Csl IIECTEPHS IPUBOJLY ra30PO3MOAIIIBHOTO MEXaHi-
3My nu3ens. Jlo 1Iik Baja 3a JIOIOMOT OO IIMTUIILOK
1 TalloK KpimsaTbes npotuBarn. OTBOpPH KOpeHe-

BUX INUHOK 3’€JHAHI KaHAIaMHd 3 IIaTyHHUMH
IIAHKaMH, 10 SKHX IMOAAEThCsA MacTuio. [leB’sTa
KOpPCHEBa IIUiiKa Ma€e YIMopHi OypTH, IO 3aXuIia-
FOTh KOJIIHYACTHH BaJ Bix mepemimenss. Bix TeM-
NepaTypHUX HaBAaHTA)KEHb KOJIHYACTHH Bal MOXKe
BUIOBXKYBaTUCSA BiJ 9-1 KOpeHEBOI WIMHKH 10
nepmoi. dnanenp BigOOPY MIHOCTI 3’€AHYETHCS
IUTACTUHYATOK MY(TOIO 3 TArOBHUM I'€HEPaTOpOM;
00 ¢uaHOs 3 TPOTHIICKHOI CTOPOHH KPIMUTHCS
KOMOIHOBaHUH aHTHUBIOPATOP.

B ymoBax ekcruryaTamii BHCOKI 3HaKO-3MiHHI
HaBaHTa)XCHHS BiJl BUTWHY ¥ 00epTaNbHUX KOJIH-
BaHb MOXYThb NPHU3BECTH [0 PYHHYBaHHS Baia.
LpoMy TakoX CHpUSIOTH NeeKTH, SIKI 4acTO BH-
HHKAIOTh I 9Yac BUTOTOBJICHHS BaJia (JTIUTTAM ab0
B Tporieci MexaHiqyHoi oOpoOku). [limBuineHi me-
XaHIYHI HampyXeHHS Baja MOXYTb 3 SIBIATHUCS
B pe3yJbTaTi MOPYIICHHS HOro BPIBHOBa)KEHOCTI,
a TaKoX Y pa3i HeMpaBUIBHOTO pETyIIOBaHHS aH-
TUBiOpaTopa abo 3HOCY MOTo BaHTaXKiB 1 MAJIBIIB.
CrupaHHsA MUHKA Bajla MOYKE€ BHHUKHYTH BHACIi-
JIOK TIOTIpIICHHS 1MOAa4i Ha i MOBEPXHIO MAacTHIIA,
HOTO PO3pIIHKEHHS uYepe3 MOTPAIUISIHHS B HBOTO
JIM3eJIbHOTO ManuBa (y HAIIOMY BHIIQJIKY OJIU3BKO
17 % Bin 00’emy MacTtuia). Y pasi HeNpaBHIBHOI
YKJIAJKH Bajia B mocTeni 0Joka abo HempaBHIBHO-
ro HOro NEHTPYBaHHS 3 BaJIOM TATOBOTO T'€HEpaTo-
pa BUHHMKAE MPYXHUH BUTWH Bama. Y pe3yibTari
HENpaBWJILHOTO NUTIQYyBaHHS KOPEHEBHX LIMHOK
IiJ] YaC PEMOHTY, a TaKOX BiJ il HAIIPYyKEHb MO-
K€ BUHUKHYTH 3aJIMIIKOBUH BUTHH.

OCHOBHMMH HECHPaBHOCTSIMU KOJIHYacTUX Ba-
JiB €. HaJHOPMAaTHBHE 3HOIIYBaHHS IIUHOK; Tpi-
LIMHY 1 3]1aMH; BUKPULIYBaHHs, KOpo3is 1 3HOC Oa-
0iTOBO1 3aJIMBKM BKJIAJIWIINIB;, 3HOIIYBAaHHS BKIIa-
JVIIIB 1 BTpaTa TOPLEBOTO HATATY; TPIIIMHU KpH-
IIIOK KOpPEeHeBUX mmimmmnuukiB [1-2, 4-7,10-11,13,
14].

BuroroBieHHs! IOKOBOK 13 JIETOBAHOI CTaJi AT
BaJIiB JU3ENBHUX JBUTYHIB 3a JCPKaBHUMU CTaH-
JapTaMu BUMAarae KOHTPOJO SIKOCTI 1 MEXaHIYHHX
XapaKTEepPUCTUK 3aroTOBOK i TOTOBUX BUPOOIB Ha
BCIX CTaJisIX BUPOOHUIITBA:

— KOHTPOIIb METANYPriifHOT SKOCTi ITOKOBOK
JUTSE BAPOOHUIITBA BaJIiB;

— KOHTPOIIb MaKpo- Ta MIKPOCTPYKTYpU MeTa-
1y, '

— KOHTPOJIb MEXaHIYHHUX BJIIACTHBOCTEH MeTaly
TOTOBOTO NMPOAYKTY Ha BiAMOBIIHICTH HOPMATHUB-
HUM qokyMeHTtam [3, 8, 9].
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Puc. 1. Kominuactuii Ban guzens 1A-57149:
1 — anTuBiOparop; 2 — mectepHs; 3 — cyxap;
4 — makeT TUIacTUH; 5, 6 — MTUCKH AU3eNb-TeHePaTOPHOT
My(QTH; 7 — HalIpsIMHI KiTBIISI; @ — KOpiHHA IITUITKA;
6 — NIaTYHHA [UHKA; ¢ — IIYKa; 2 — IPOTHBATrU

Fig. 1. The crankshaft of diesel 1A-5D49: 1 — impulse
neutralizer; 2 — gear; 3 — collet; 4 — wafer pack;
5, 6 — diesel-generator coupling disks;
7 —guiding rings; a — main journal; b — crank pin;
¢ — cheek; g — counterweights

3aranpHui Burasg ausens 149 mpencraBieHo
Ha puc. 2.

Puc. 2. 3aransauii BurIs I qusens 149

Fig. 2. General view of diesel D49

PesynpTatu BUu3HaueHHs XIMIYHOTO CKJIaAy Ma-
Tepiayy Bama 1  XIMIYHMH =~ CKJajy  cTami
DIN 30CtMoV9, nananuit IIpAT «ITP3», mo
HOPMYETBCSL 3a cTaHzapramu €BpOCOIO3y, HaBe-
JieHi B Taou. 1.

Pesynpratn BHIIpoOyBaHb MeXaHIYHUX BIACTH-
BocTel Mmarepiaiy, nposenenux B L[3J1 (ueHTpains-
Hill 3aBOJCHKil nabopatopii), akpeauToBaHiil Ja-
ooparopii JIIT «3aoxg im. B. O. Manuiiesa»
M. XapkiB, 1 MexaHi4HI BJACTUBOCTI cCTaii
DIN 30CrMoV9 BianoBigHO 10 BUMOT CTaHIAPTY
€Bpoco103y, HaBeeHI B Ta0I. 2.

Tabmums 1
Table 1

XimiuHuii ckJIax KoJdiHYacToro Bajia gpaxkTuynmii Ta
3a BUMOTaM# CTaHIapPTiB

Chemical composition of the crankshaft, the actual
one and according to the requirements of the
standards

Bwmict enementiB % MacoBuit

Mn| Si | Cr | Ni| P S | Mo

3pa3ku

eKcrepumMe-
HTaJbHUI

0,46 0,37 (2,600,380,015/0,013/ 0,19 0,12

3pa3ok

(2006),
DIN17200(1987)
0,26 - 0,34
<0,40
<0,60
<0,035
<0,035

DIN EN 10083-2
0,40- 0,70
2,30-2,70
0,15- 0,25
0,10-0,20

Tabnuus 2
Table 2

MexaHi4yHi XapaKTepUCTHKH CTAJi KOJIHYACTOro
BaJIa (PAKTHYHI Ta 32 BUMOTaMHU CTAHAAPTIB

The mechanical characteristics of the crankshaft
steel, the actual ones and according to the
requirements of the standards

KCU,
VMOBH. s, 00,2, J, 0,
Ne 3pas. MIla | MIla % % KF(;VI;VI e
01 764,41 627,2| 20,0 | 64,0 | 16,9
02 774,2 1 637,0| 20,0 | 64,0 | 16,0
DIN EN 10083-2
(2006). B0~ 765 | =11 | =45 [>41.0
DIN17200(1987)| 1180 - -
D17 — 40 mMm

TBepaicTh MaTepiany Bajia, IO 3a3HaB 3a HOP-
MAaTHUBHOIO TEXHIYHOI JOKYMEHTAIII€I0 TaKoi Tep-
Mi4HOT OOpOOKH: BiJNMATIOBaHHS 32 TEMIIEPATYPH
680-720 °C, mHopmamizamito 3a TeMmmeparypH
880-920 °C, rapryBaHHs B MacTWJIi 32 TeMIlepaTy-
pu 860-900 °C, BigmyckaHHs 3a TeMIepaTypu
540-580 °C, Bu3HaueHa 10 BChOMY Iepepi3y Halli-
CJIaHOI IMHKH 1 ckiragae 235-241 HB 3a makcuma-
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JBHOI ~ TBEPAOCTI, BH3HAYCHOI  CTaHIAPTOM,
DIN EN 10083-2 (2006), DIN17200 (1987) -
248 HB [8-9].

TBepaicTh, 0 BU3HAYCHA HA PI3HUX TIITHKAX
MOBEpXHI 10 BCHOMY KOJy IIMHKH, CKJajgae
407-494 HV, 603-857 HV, 286-396 HV. Bing3ua-
Ya€eThCs, MO IiJ] Yac 3aMipiB TBEPAOCTI 3a METO-
moM Bikkepca Ha mMOBEepXHI IMUHKH YacTHHA
BIIOUTKIB «IIPOBaJOBaa», a YacTUHA BiJIOUTKIB
«PO3TPiCKyBaJay MOBEPXHIO.

MikpocTpykTypa Martepiasry Baja SIK Ha IIO-
BEpXHi, TaK 1 JaJIEKO BiJ HEl OMHAKOBA 1 MPEIACTaB-
JIsi€ COOOK0 COPOIT 13 Ay’e HE3HAYHOK) KUTBKICTIO
¢bepury.

3a Makpo- 1 MIKpOCTPYKTYpOIO a30TOBaHUI
Iap Ha MOBEPXHI JaHOI IMUHAKNA HE BUSBICHUM de-
pe3 miaBUIeHHMN 3HOC moBepxHi. Ilix uwac mo-
CIIUKEHHS MIKPOCTPYKTYpPH BCTaHOBJIEHO, IO
mpoliec 3HOUIYBaHHS 1 HaKJIeMyBaHHS! poO0YOi Mo-
BEpPXHI IIUHKKA KOJIHYACTOrO Baja CYNPOBOJ-
KyBaBCsS 3HAUHUMH CTPYKTYPHUMH 3MiHAMH.
V 30ni rmubunoo 10 0,2-0,3 MM Bif 30BHIIIHBOL
MOBEPXHI Basa 3a aHAII30M MIKPOCTPYKTYpPH BHUSIB-
JICHO TIOBEpXHEBUH MIap 3i ciiiaMu Meperpisy,
3HOUIYBAaHHS, PyHHYBaHHS, CXOIUTIOBaHHS Ta Tedil
MeTaly, HaJUIaHHS 1 NPOHWKHEHHsS B Marepiai
Baja pPo0OYOro mapy BKIAIHINIB, ITOYaTKOBI
MIKpPOTPITIHHH.

Ha moBepxni mmwmiikn Bama BHSBIEHI TIO-
TOBILEHHS TPAaHUIb 3€PEH MeTaly, L0 CBITYHUTH
Ipo TeperpiB IMOBEPXHEBOro Imapy. PyiiHyBaHHS
MOBEPXHEBOTO APy MOYMHAETHCS 13 TPILIMH IO
TPaHMIISAX 3€pPEeH 1 MPU3BOIUTD J0 BUKPHUIIIYBAHHSI.
VY mux CTPYKTypHHX 30HAX BHHUKIHM ITOYaTKOBI
JUJISTHKH BTOMHOT'O pyHHYBaHHSI.

MeTayi NIMAKK KOJIHYACTOrO BaJia, 32 MaKpo-
CTPYKTYPOIO MPOTPABICHUX TEMILICTIB, HIiIJIbHHUMI.
O3Hak ycaJo4HUX PaKOBHH, pO3IIApyBaHHs, (Io-
KEHiB, TPIIIWH, CKYNYEHHS HEMETaJiYHUX BKITIO-
YeHb (3aCMiYeHb) HE CIIOCTEPITaeThCA.

«CBixuil» 31aM MaTepiany Bana JpiOHO3EPHU-
CTH, 0e3 HasBHOCTI KaM’ SHHUCTOCTI Ta Pi3KO BH-
PaKEHOI IapyBaToCTi.

[MapameTpu MIOPCTKOCTI
IIMAKA  KOJIHYacToro Bama —
BIJIMIOBITa€ 5-My Kjiacy.

XiMiuHui aHami3 mactuia M-14I72, ske Oyno
3aCTOCOBAaHO JUIsI poOOTM AM3ensi, TOKa3aB Ha-
SIBHICTB 3a0pyJHEHHS IPOAYKTaMHU 3HOCY IiALIHII-
HUKIB 200 iX Kopo3ii (Tadi. 3).

poGouoi moOBepxHI
Ra 3,6, mo

Taomumsa 3
Table 3

Bwmicr y mactuiii M-14I"2 npoaykTiB 3HoCy
Ta Kopo3ii

The content of wear and corrosion products in the
lubrication M-14G2

Ximiunuii enement | Onuuuig BuMiptosanus | ITokasHuk
Fe mg/kg 4
Cr mg/kg 1
Sn mg/kg 3
Al mg/kg 3
Ni mg/kg 0
Cu mg/kg 17
Pb mg/kg 15
Mn mg/kg 1
Ianekc PQ 35

HajiOisnpiia KIJIBKICTh €JIEMEHTIB BHIAJIEHA
3 0a0ITOBUX MHIAIIMIIHUKIB Ta CTAJIl KOJIIHYACTOIO
Bana (Fe, Cu, Pb).

CrioctepiraeTscsi 3a0pyJIHEHHS MacTWJIa Haid-
OLIbII HEOE3NEYHOIO KIJIBKICTIO AU3EIBHOIO IajIH-
Ba > 17 %, sxoro 30BciM He Mae OyTu y ckiazi
Mactuia (Tabi. 4).

Tabnuus 4
Table 4
3a0pyaHeHHs y ckjaaai macruia M-141"2

Contamination in content of lubrication M-14G2

PeuoBuHa Opuanns BuMipy | [loxasHuk
Si mg/kg 10
K mg/kg 2
Na mg/kg 11
Li mg/kg 3
Bona % <0.10
IR rnikonn - HEraTMBHA
Jlu3enbpHe majauBo % 17,01
BioausensHe nanuBo % 0,30
BwmicT caxi % 11
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3rigHo 3 DoCiiKeHHAMHU aBTopiB [1-2, 4-7, 10-
16], 3maryBasbHI BIaCTHBOCTI MAaCTHJIA, @ TAKOK
1oro 3a0pyqHEHICTh 3HAYHO BIUIMBAaE Ha e(ek-
THBHICTH Ta O€3aBapiifHICTh pOOOTH AM3EIIS.

AHaji3 HamgaHOi I eKcruepTysw iHdopmariii
MOKa3ye, M0 B SKOCTI NPUYMHHU PYHHYBaHHS Bajia

a—a

muzenst TeruioBoza 2TE116 Ne 969 moske po3ris-
JaTACsT BTOMHE pYyWHYBaHHS BHACNIJOK IIOTIE-
PEAHBOTO PYHHYBaHHS YaCTUHH IATYHHOTO BKJa-
JTUIIIA BiJTIOBITHOT MTO3UIIII.

XapakTepHi ¢parMeHTH MTOBEPXHI pyHHYBaHHSI
HaBEJICHO Ha pucC. 3.

6-b

1 — 30Ha JIOKANBFHOTO TEPMIYHOTO BILIHBY;
2 — MacJIONpOBIAHUI KaHal; 3 — TUITHKA NOCiIOBHOTO
BTOMHOTO PYHHYBaHHS BiJ Micus
4 0inst MACIIOTIPOBITHOTO KaHAIY;
5 — 30HH IIBHIKOTO A0JaMy Baja

1 — zone of local thermal influence; 2 — oil passage;
3 —a section of consecutive fatigue fracture
from the place 4 near the oil passage;

5 — section of auick shaft break

1 — TpinHOTIONIOHMIA NedeKT;
2 — 00J1aCTh ITOCTiJOBHOIO BTOMHOTO
PyHHYBaHHS METajy Bajia; 3 — 30HU JJOJIOMY Baja

1 — crack-like defect; 2 — section of consecutive
fatigue destruction of the crankshaft metal;
3 — crankshaft break section

1 — TpimmHOTIOAIOHMIA AedeKT i3 (hparMeHTOM KPUXKOTO PyHHYBaHHS

1 — crack-like defect with the brittle fracture fragment

Puc. 3. XapakrepHi ¢parmMeHTH OBEpXHi
pyHHYBaHHS KOJIIHYACTOTO Bajia

Fig. 3. Typical fragments of the crankshaft
destruction surface

3 ormsny Ha BiACYTHICTH AedekTiB merany
3a JaHUMH TEXHIYHOro 3BitTy, HazaHoro IIpAT
«JITP3», Tpimmuaonoaionmii aedexr 1 (puc. 2, 6),
KW Mae HEBEIKY JISTHKY KPUXKOTO pyHHYBaH-

H$l, pO3TAIIOBAaHUN MEPIECHIUKYIJISIPHO 10 OCHOBHO-

'O HAIPSIMKY BTOMHOTO pyiiHYyBaHHSA 2 (puc. 2, 0).
Tpimuuononionuit  gedpekr 1 (puc. 2, 6)

3 IUISTHKOIO KPUXKOTO PYHHYBaHHS MIr 3’ sIBUTUCS
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B YMOBax 3HIDKEHOI yJIapHOi B’SI3KOCTI BHACIIJIOK
cepii ymapHMX HaBaHTa)XEHb IICIA YaCTKOBOTO
pYHHYBaHHS IIATYHHOTO BKJIaaumia. Tolli KOHIECH-
TpaTop HampyKeHb, MO0 OOOB’S3KOBO BHHHUKAE
B TIEpPEHAIPYXKEHii 30HI MK JedEeKTOM Ta Macio-
MPOBITHUM KaHaJoM 2 (puc. 2, @), CTae JHKEePEIoM
PO3MOBCIOIKEHHSI BTOMHOI TpimuHu. [Ipu npomy
(dparMeHTH 3pyHHOBAHOTO BKJIAIHIIA IIUPKYIIIOBa-
JIM TICBHUIA Yac y cucTeMi 3MauieHHs (puc. 4).

Crig BiA3HAUUTH, 1O B TpoIECi poOOTH Tu3e-
JBHOTO JIBUTYHA 3 TIOIIKO/PKEHHM ITOPIIHEBUM
BKJIAJUIIIEM OOOB’S3KOBO BHHHWKAIOTH yIapH, IIiJ
yac Qikcamii sSIKUX OU3edb MaB OyTH HeraiHO 3y-
MUHEHUH.

YpaxoByrouu BHUKIIa/IeHe, HAHOLIBII BipOTiJHOO
MPUYMHOI0 PYHHYBaHHS KOJIIHYACTOTO Baja MOXKHA
BBAYKATH IOIIKO/KECHHS Ta pPyWMHYBaHHS IIATyHHOTO
Bkmaauma  temoBo3da  2TELI1I6 Ne 969
3 HACTYIITHUM BTOMHUM PyWHYBaHHSIM CaMOro BaJa.

Puc. 4. ®parmeHTH 3pyHHOBAHOTO BKJIAAMIIA
HA CiTIi TPy0O0i OYNCTKH AU3EIIS

Fig. 4. Fragments of the destroyed thrust bearing
on the primary refining grid of the diesel

PyitHyBaHHIO Ta pO3IUIABISHHIO IIATyHHOTO
BKJIQJUINIA CIPHUSAIO 3HWKCHHS 3MallyBaJbHUX
BJIACTMBOCTEH JU3EIBHOTO MAacTHJIa 33 PaxyHOK
BHCOKOI KOHIIEHTpAIlil B HbOMY JHM3EIbHOTO Ialu-
Ba.

s nonepenkeHHs pyWHYBaHHS BKJIAAUINA Ta
KOJIIHYACTOTO BaJla 3arajioM Ha paHHiX eramax ¢o-
PMYBaHHS TpIIMH aBTOPH TPOMOHYIOTH BBECTH
JOJIATKOBY CHUCTEMY CHTHAI3allil Ta KOHTPOJIIO 3a
BUSIBJICHHSIM TIOIIKO/KCHD HUISXOM iAeHTH(IKAIT
HarpiBy arperata abo HOro CKIJIaJOBHX YacTUH JIO
TEMIIEPaTypH, BUIIOI 3a BU3HAYCHY KPUTHUHY Te-
MIIEPATYPY JUISL JAHOT JUISHKH.

HaykoBa HOBHU3HA Ta IPAKTUYHA
3HAYMMICTh

HaykoBoro HOBM3HOI0O IaHOi poOOTH € Mpomo-
3WIST BIPOBA/DKEHHS JOJATKOBUX CHTHAIBHHUX Ta
KOHTPOJIBHUX CHCTEM IUISl NONEPEDKEHHS pYHHY-
BaHHs JIOKOMOTHBa Ha PaHHIX CTafisX PO3BHUTKY
HECTIPaBHOCTEH, BHECEHHS BHMOT JIOJATKOBOTO
TEXHIYHOTO OISy CHCTEMH MONEpe/DKEHHS pyHi-
HYBaHHS U3EJiB JOKOMOTHUBIB. [IpoBeneHi goci-
JDKEHHSI TO3BOJISIIOTH PEKOMEH/TyBaTH:

1. HeyxumpHO MOTPUMYBATHCS TEXHIYHHUX BH-
MOT MIOAO eKcIutyaramii qu3ens J149.

2.V pernaMeHTHi poOOTH 3 TEXHIYHOTO JiarHo-
CTyBaHHS TSATOBOTO PYXOMOTO CKJIaIy IUISl TIPOJIO-
BXKEHHS CTPOKY Horo ekcruryatarii [3, 5] ogHOpa-
30BO BHECTH JOJAaTKOBI poOOTH 3 JiarHOCTYBaHHS
TEMIIEPAaTypHOTO CTaHy AM3CIIiB Ha TNeperpiBaHHs
IIISIXOM KOHTPOJIIO CTaHY 3pa3KiB JIETKOIUTaBKUX
CIUIaBiB, PO3TAIIOBAaHUX HA AOCTYIHUX IS OTJISTY
JeTalsiX KOHCTPYKLIl Iu3enmto. YKaszaHi 3axoJu
JOTIOMOXYTh TOMEPEIUTH TepeAJacHUN BUXII i3
Taay IA3eIFHUX ABUTYHIB TETIIOBO3IB.

BucHoBku

[IpoBeneHi mociiKeHHS TO3BOJISIOTH 3pOOUTH
HACTYITHI BUCHOBKH:

1. KonieHrpailisi majuBa B MacTHJII KOJiHYAC-
TOrO BaJla 3HAYHO MiJBUIIEHA, Y 3B’3KY 3 UYUM
3HIDKEHA B’S3KICTh MacTWJIA Ta HOTO 3MallyBajbHi
BIIACTHBOCTI.

2. BumnnansHHs 6abiTOBOTO MIapy Ta pyHHY-
BaHHS BKJIQJIMIIIB, €IEMEHTH SKHX 4aCTKOBO Oyin
BUMHTI MaCTWJIOM, CTajOCsl 32 PaxyHOK IIiJIBH-
LICHHS TEMIIEPaTypH Yy By3JIax TepTs AU3EIS.

3. BukpuiiyBaHi Ta YacTKOBO BHILIABJICHI
BKJIauIII 3a0e3neumny OUTTS Ta JOJATKOBE TEPTS
y BY3J1axX JTU3EJIs, 10 TAKOX CIIPHSIIO TiIBUIIEHHIO
TEMIIEPATypPH 1 30UIBIITYBAIO HABAHTAXKCHHS BaJjla.

4. CTpyKTypHa HEOAHOPIOHICTH KOJiHYACTOTO
Baja 00yMOBHJIa HU3bKI XapaKTEPUCTUKU MaTepia-
Jy Wi 4ac BUMPOOYBaHb HA yIapHY B’S3KiCTh.

5. YckiagHeHHsT YMOB poOOTH KOJIHYAcTOro
Bajia Pa3oM 3 CTPYKTYpHOIO HEOJHOPIAHICTIO Ma-
Tepialy BUKJIHMKAJIO TMEPBUHHI TPIIIMHU Ta IMOJa-
JIbIIIE BTOMHE PYHHYBaHHSI.

6. OCHOBHOIO NPHYMHOIO PYHHYBaHHS MeETay
Bajia € MeperpiB y poOOTi Au3elis, CIpUYUHCHHH
HasBHICTIO Oibine HiXk 17 % manuBa B MacTHIII.
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NCCIEAOBAHUE NTPUYMH NNPEXJIEBPEMEHHOI'O PASPYIIEHUSA
KOJIEHYATOI'O BAJIA TEIIJIOBO3A 2T3J116

Hean. Pabora HampaBneHa Ha BBUIBICHHE NPUYMH IPEXKIEBPEMEHHOTO pa3pyLICHHs] KOJIEHYaTOTro Baja
terioBo3a 2TD116. Meroaunka. [IpiMeHeHb! MaKpOCTPYKTYPHBIH, (pakTorpaduueckuii, aHaTUTHYECKIIA aHAIHU3bI.
OHH NO3BOJIMIIN BBISIBUTH NPUUUHBI NIPEKAESBPEMEHHOTO pa3pylieHus Baja. PesyabsTarnl. B nanHoit pabote npen-
METOM HCCIEJOBAaHUS ABISETCS HE TOJIBKO CTPYKTYPHOE COCTOSIHME M CBOWCTBA MaTepHala Balla, a U XUMHUYECKHUE
CBOHCTBa OKpY)Karomeil cpensl, paboyeid )KUAKOCTH M COCTOSHHE pabodeil TOKYMEHTALUH MO SKCIUTyaTalluH yKa-
3aHHOTO TETIOBO3a. IIpoBeseHHbIE B paboTe NCCIeJOBaHNS MOKA3aJIK: 1) HECOOTBETCTBHE yIapHOH BA3KOCTH Marte-
pHana KOJIEHYaTOro Baia TPeOOBaHMSAM COOTBETCTBYIOIIETO CTaHAAPTA; 2) HAIWYHME B XMMHYECKOM COCTaBE Macia
6onee 17 % AW3eNBHOTO TOIUIMBA, YTO 3HAYMTENBHO IOBHIMAET KO3(GOHUINECHT TPEHUS B paboueM MEXaHH3MeE 3a
cdeT 00pa3oBaHus Harapa, o0iacTei CLeIUIeHUI 1 MMTTUHIOBYIO Koppo3uio Metaiuta. Hayunasi HoBusHa. B paGo-
T€ NMPUMEHEH KOMIUICKCHBIN aHATUTUYECKHH M TEeXHHUYECKUH MOJXOJ K BBIABICHUIO NMPUYUH HPEXJIEBPEMEHHOIO
paspylieHus KojeHdaToro Baya TemnoBoza 2TD116. OneHeHO MaKCHMalbHOE KOJMYECTBO (DaKTOPOB, KOTOpBIE
MOTJIY TIOBJIMATH Ha MPEXIEBPEMEHHOE pa3pylieHHe KoJieHyaToro Baja. [lokazaHo, 4YTO COBOKYITHOCTh (pakTOpOB,
HETaTHUBHO TOBJIMABIINX Ha 3KCIUTyaTal[MOHHBIE XapaKTEPUCTHUKU KOJEHYATOTO Bajla, JOCTHUIVIA TaK Ha3bIBaeMOI
«KPUTHYECKOH MacChl», 4YTO HEW30EKHO BHI3BAIO pa3pylIeHUs. BHeapeHne JOMONHHUTENBHBIX (AKTOPOB
CUTHaIM3auK (KpoMe IIyMOBOTO (hakTopa B IIpomecce paboThl IU3Es C MacioM, 3arpsa3HEHHBIM Ooiee 4eM Ha
17 % nu3enbHBIM TOIUIMBOM) U KOHTPOJISI HEHCIIPABHOCTEH B poOOTE MOMOOHBIX KPYITHBIX MEXaHUIECKUX arperaTton
MIO3BOJIUT JIOTIOJTHUTEIHHO TUCIUILIMHUPOBATh MAIIMHICTOB M ClIeCapell IPU BBITIOJTHEHUN PA0OT IO MHCTPYKIUSIM
JUISL IPEAYTPEXKACHAS pa3pyIIeHus OONBIINX KOHCTPYKIHMH JIOKOMOTHBOB. IIpakTHyeckasi 3Ha4YuMoOCTh. Vccre-
JIOBAHUS MOJATBEPIUIN BaXKHOCTh KOHTPOJIS HaJ XMMHUYECKAM COCTaBOM M MEXAHMYECKUMH XapaKTEPUCTUKAMH Jie-
TaJiell 1 KOHCTPYKIMH MOJBIKHOTO cocTaBa. [oka3zaHa HEOOXOAMMOCTh NEPHOINIECKOTO KOHTPOJISI XUMUYECKOTO
cocraBa Macya. Haj3op 3a akkypaTHBIM BeleHHEM pabodero sKkypHajla MOXKET MPeIyNpeauTh pa3pylIeHne EHHbIX
KOHCTPYKLIMH IIOJIBUKHOTO COCTaBa.

Knouesvie cnosa: nuzenp, temnoBo3 2TD116; macno; MpexIeBpeMEHHOE paspylleHHe; KOJEHUYaThId Bal;
MEeXaHHYECKUE XapaKTePUCTUKU
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INVESTIGATION OF PREMATURE DESTRUCTION CAUSES OF
LOCOMOTIVE 2TE116 CRANKSHAFT

Purpose. The work is aimed at identifyinbg the causes of premature destruction of the locomotive 2TE116
crankshaft. Methodology. Macrostructural, fractographic, and analytical analyses have been used to identify the
causes of premature destruction of the shaft. Findings. In this work, the subject of the study is not only the structural
state and properties of the shaft material, but also the chemical properties of the environment, the working fluid and
the state of the working documentation for the locomotive operation. The research carried out in the work showed:
1) the non-conformity of the impact viscosity of the crankshaft material to the requirements of the relevant standard;
2) the presence of more than 17% of diesel fuel in the chemical composition of oil, which significantly increases the

doi 10.15802/stp2018/141140 © B. JI. 'opo6emnp, B. B. Koanenko, 2018

108



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J{HinponeTpoBcbKoro
HAL[IOHAJILHOTO YHIBEPCUTETY 3aJli3HHYHOr0 TpaHcnopty, 2018, Ne 4 (76)

PYXOMMI CKJIAJI 3AJII3HULIb I TATA MOI3/1IB

friction coefficient in the working mechanism due to the formation of carbon deposit, the areas of adhesion and pit-
ting corrosion of the metal. Originality. A comprehensive analytical and technical approach for identification of
premature destruction causes of the locomotive 2TE116 crankshaft was used in the work. The maximum number of
factors that could influence the premature destruction of the crankshaft were estimated. It was shown that the com-
bination of factors that negatively influenced the performance characteristics of the crankshaft has reached the so-
called «critical mass», which inevitably caused the destruction. Introduction of additional signaling factors (in addi-
tion to the noise factor during the operation of the diesel engine with oil contaminated by diesel fuel more than 17%)
and fault monitoring in the operation of such large mechanical aggregates will additionally discipline locomotive
drivers and mechanics when working on instructions for warning destruction of large locomotive structures.
Practical value. The studies confirmed the importance of controlling the chemical composition and mechanical
characteristics of rolling stock components and constructions. The need for periodic control of the oil chemical
composition is shown. Supervision over the careful keeping of work book can prevent the destruction of valuable
structures of rolling stock.

Keywords: diesel engine; diesel locomotive 2TE116; oil; premature destruction; crankshaft; mechanical charac-
teristics
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EFFICIENCY OF MODERNIZATION OF WHEEL-MOTOR BLOCKS
USING ANTI-FRICTION TRACTION MOTOR SUPPORT BEARINGS

Purpose. The use of anti-friction traction motor support bearings (TMSB) instead of plain friction traction mo-
tor support bearings is a priority direction of locomotive development both for newly constructed locomotives and
for those in operation. The solution of the set tasks for introduction of wheel-motor blocks (WMB) with anti-friction
bearings demanded the search for alternative variants and new technical solutions. The purpose of the article is to
determine the feasibility of re-equipping the diesel locomotive wheel-motor blocks with anti-friction bearings
through the life cycle calculation (LCC). Methodology. The procedure and criteria for assessing the economic effi-
ciency of project (investment) proposals and investment projects approved by the Cabinet of Ministers of Ukraine
envisage that the cost-effectiveness analysis of an investment project is carried out according to the following crite-
ria: net present value, internal rate of return, discounted payback period and profitability index. The use of these
criteria of economic efficiency fully corresponds to modern principles, theoretical-methodical approaches and world
practice in evaluating the efficiency of investments. The evaluation of the technical and economic efficiency of the
modernization of the diesel locomotive wheel-motor block is made on the basis of calculation and comparison of the
following criteria: the net present value (NPV) of modernization, the internal rate of return (IRR), the profitability
index (PI) and the discount payback period. Findings. The results of the calculations of the values of the main crite-
ria show that the innovative project for the modernization of the locomotive provides a high level of economic effi-
ciency. At the same time, the value of the discounted payback period of investments in modernization indicates that
it is expedient to carry out this operation if the residual life of the upgraded locomotive of the M62 series is at least
15 months. Originality. Taking into account the specifics of the type of locomotive work in freight traffic, we de-
veloped a method to determine the individual components of the average annual economic effect of modernization
of the diesel locomotive wheel-motor block, which includes saving of oil costs, repairing and servicing the diesel
locomotive wheel-motor unit, as well as change of TMSB brass and saving fuel costs for traction.
Practical value. The results of the work make it possible to determine the expediency of modernization of diesel
locomotives taking into account the features and conditions of their operation and the specifics of modernization.

Keywords: diesel locomotive modernization; wheel-motor block; technical and economic efficiency; anti-
friction bearings; life cycle

is known, the results of rail transport activity in
Introduction general depend on the level of technical excellence
and the state of the traction rolling stock, condi-
tions of its operation, repair and maintenance sys-
tems [14, 15].

The traction rolling stock may be renewed due to
the purchase of a new one and the modernization of
the existing one. In both cases, this requires signifi-
cant capital investments. It is also necessary to take
into account that the return on investments in mod-
ernization of locomotives is 3-4 times faster than in
their acquisition. Therefore, in the context of market
relations and financial constraints, the problem of

The priority direction of the investment policy
of PJSC «Ukrzaliznytsia» in the locomotive econ-
omy of Ukraine in recent years is to provide
a quick, comprehensive renovation and optimiza-
tion of the traction rolling stock structure. This is
due to the fact that most of the traction rolling
stock was procured and delivered to operation even
in Soviet times. Analysis of the state of the operat-
ing fleet of the traction rolling stock of Ukrainian
railways indicates that its wear is 97.1% [11]. As it
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investment support for the renewal of the tractive
rolling stock of the locomotive economy of Ukraini-
an railways is put forward at the level of problems of
national importance, the solution of which directly
affects the provision of national security.

During the last years, the Department of the Lo-
comotive Economy has introduced a number of
steps for modernization of the traction rolling stock,
aimed at reducing the cost of repairs and fuel and
lubricants in operation. Directions of accomplished
and planned modernizations mainly concern the
replacement of power equipment. However, no less
effective direction of modernization of the traction
rolling stock is the improvement of underframe de-
sign, namely the refitting of WMB from plain fric-
tion bearings to anti-friction bearings [2].

Anti-friction bearings have several advantages
over plain friction bearings. The main advantage of
anti-friction bearings in comparison with plain fric-
tion bearings is the lower energy consumption for
the friction process (friction moment in ball bear-
ings is approximately 3-6 times less than that of
plain friction bearings [6, 12]).

All new foreign locomotives are equipped with
anti-friction TMSB. Their implementation allows
conducting the locomotive maintenance M-2 not
every 3-4 days, but every 10-12 or more. It is the
replenishment of the plain friction TMSB with axial
oil that requires the need for such frequent mainte-
nance M-2 for 90% of the locomotive fleet [12].

Estimated resource of anti-friction TMSB is not
less than 5 million km of locomotive mileage. Ap-
plication of wheel-motor blocks with anti-friction
TMSB increases the cost of a locomotive, but pay-
back is achieved due to the presence of the follow-
ing factors:

— Exclusion from the technological process of
servicing and repair of WMB of axial oils and the
necessity of their seasonal change;

— Cost reduction for technical maintenance and
repairs of the WMB with anti-friction TMSB;

— Increase of reliability and service life of trac-
tion gear and traction electric motor (TEM) due to
absence of distortion caused by wear of brass in-
serts of plain friction traction motor support bear-
ings;

— Increase in the wheel set life cycle due to the
lack of wear of the journals under the plain friction
TMSB;

— Absence of the need to pay fines for envi-
ronmental pollution by eliminating the leakage of
axial oils on the permanent way;

— Increase in the locomotive profitability — in-
crease in the use of power for draft, increase in
efficiency by reducing the main resistance of the
locomotive, and, accordingly, reducing fuel con-
sumption for traction from 2% to 6.6% [8, 12].

Thus, the use of anti-friction TMSBs instead of
plain friction TMSBs is a priority direction for lo-
comotive development for newly constructed lo-
comotives and for those in operation.

The solution of the set tasks for introduction of
WMB with anti-friction bearings demanded the
search for alternative variants and new technical
solutions. Therefore, the specialists of «Scientific
and Technical Center «Pryvod» LLC and PJSC
«Scientific-Production  Enterprise  «Smelyansky
Electromechanical Plant» have been developed and
patented in the State Intellectual Property Service
of Ukraine (patent for utility model No. 84796 dat-
ed October 25, 2013) the project for modernization
of WMB locomotive with anti-friction TMSB re-
placement.

Modernization of WMB consists of two stages:

— Modernization of traction electric motor with
prolongation of service life for 15 years;

— Modernization of wheel set and the gear cas-
ing (if required).

In accordance with the technical specifications
of TU U 30.2-38414897-004: 2014 «Moderniza-
tion of wheel-motor blocks of locomotives includ-
ing replacement of plain friction TMSB with the
anti-friction TMSB», modernization of the traction
motor is carried out during its overall repair. This
includes the repair of the engine case, anchor and
magnetic system with replacement of windings and
isolation of the class of heat resistance not lower
than «H», bearing units with the restoration of their
sizes to drawings and the execution (if necessary)
of improvements in accordance with the require-
ments of design documentation for modernization.
Conducting of modernization can increase the
TEM life for 15 years.

Purpose

The purpose of the article is to determine the
technical and economic efficiency of the moderni-
sation of locomotive WMB TMSB with anti-
friction bearings based on LCC calculations.
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Methodology

At the present time in Ukraine there are several
normative documents in the field of cost-
effectiveness analysis of investments. The main
ones are:

— Procedure and Criteria for Assessing the
Economic Efficiency of Project (Investment) Pro-
posals and Investment Projects, approved by the
Cabinet of Ministers of Ukraine as of 18.07.2012,
No. 684,

— Methodological Recommendations on De-
velopment of State Supported Investment Projects,
approved by Order of the Ministry of Economic
Development and Trade of Ukraine as of
13.11.2012, No. 1279;

— Methodological Recommendations on As-
sessment of Economic and Social Efficiency of
State Target Program Implementation, approved by
Order of the Ministry of Economy of Ukraine as of
24.06.2010, No. 742;

— Methodology of Conducting State Expertise
of Investment Projects, approved by Order of the
Ministry of Economic Development and Trade of
Ukraine as of 13.03.2013, No. 243;

— Methodological Recommendations on De-
velopment of Business Plan of Enterprises, ap-
proved by Order of the Ministry of Economy of
Ukraine as of 06.09.2006, No. 290;

— Methodology for Determining the Cost-
effectiveness of Research and Development and
their Implementation in Production, approved by
Order of the Ministry of Economy and European
Integration and the Ministry of Finance of Ukraine
as of 26.09.2001, No. 218/446.

The Procedure and Criteria for Assessing the
Economic Efficiency of Project (Investment) Pro-
posals and Investment Projects, approved by the
Cabinet of Ministers of Ukraine as of 18.07.2012
No. 684 stipulate that the assessment of the eco-
nomic efficiency of an investment project is car-
ried out according to the following criteria: net
present value, internal rate of return, discounted
payback period and profitability index. Herewith,
the conclusion is positive about the effectiveness
of the investment project, if the net present value is
positive, the internal rate of return is greater than
the standard discount rate, and the profitability in-
dex exceeds 1. The use of these criteria of econom-
ic efficiency fully corresponds to modern princi-
ples, theoretical and methodological approaches

and world practice regarding assessment of in-
vestment efficiency. However, the mentioned doc-
ument does not contain specific methodological
approaches, but suggests that the calculation of the
criteria for the economic efficiency of an invest-
ment proposal, an investment project is carried out
in the light of the Methodological Recommenda-
tions on Development of State Supported Invest-
ment Projects, approved by the Ministry of Eco-
nomic Development and Trade.

Methodological Recommendations on Devel-
opment of State Supported Investment Projects,
approved by Order of the Ministry of Economic
Development and Trade of Ukraine as of
13.11.2012, No. 1279 contains (paragraph 2.8) the
methodology for determining the above mentioned
investment efficiency indices. At the same time,
the methodological recommendations do not ex-
plain the issue of considering risks when assessing
the effectiveness of the project. It is intended to
provide in the project a separate section on infor-
mation on project risks, precautionary measures
and risk insurance in cases stipulated by law (para-
graph 2.10). Herewith, only a qualitative character-
istic of risks is foreseen. That is, the above Meth-
odological Recommendations do not contain quan-
titative methods for assessing investment risks and
their accounting procedure when assessing the
cost-effectiveness of an investment project.

Methodological Recommendations on Assess-
ment of Economic and Social Efficiency of State
Target Program Implementation, approved by Or-
der of the Ministry of Economy of Ukraine as of
24.06.2010, No. 742, among other things, contain
an algorithm for calculating the four key indices of
economic efficiency, which coincides with the
methods presented in the above Methodical Rec-
ommendations on Development of Investment Pro-
ject. It also proposes the use of several specific
indices for innovative projects: value added, ratio
of investments (private and public), commerciali-
zation coefficient and new product sales
coefficient. In addition, the Methodical recom-
mendations under consideration include methods
for assessing the synergistic economic effect of
program interaction, which allow assessing the
economic effectiveness of the program as a system
of interconnected projects, that is to move from the
assessment of individual investment projects to the
assessment of the effectiveness of their integrated
implementation. The synergistic effect of program
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interaction includes the effects of program central-
ization, concentration, specialization, cooperation
and replication of intermediate and final results.
The mentioned Methodological Recommendations
contain methodological approaches to the determi-
nation of each of these effects. However, these
Methodological Recommendations do not also
contain the methodological approaches to risk as-
sessment in determining the cost-effectiveness of
investment projects and programs.

Methodological Recommendations on Devel-
opment of Business Plan of Enterprises, approved
by Order of the Ministry of Economy of Ukraine
as of 06.09.2006, No. 290 contain methodological
approaches for forecasting cash flows from the
activity of the enterprise and determination of eco-
nomic investment efficiency indices, which, in
general, coincide with the Methodological Rec-
ommendations on Development of Investment Pro-
ject, are more detailed. The Methodological Rec-
ommendations under consideration also do not in-
clude approaches to quantitative investment risk.
However, based on the analysis of paragraph
2.1.10.3 of the Methodological Recommendations,
one can conclude that the main way of taking into
account the risks in assessing the economic effi-
ciency of investments is to increase the discount
rate by the risk premium, since it is determined that
«discount rate (r) is the rate of profit, that investors
usually receive from investments of similar content
and degree of risk».

Methodology for Determining the Cost-
effectiveness of Research and Development and
their Implementation in Production, approved by
Order of the Ministry of Economy and European
Integration and the Ministry of Finance of Ukraine
as of 26.09.2001, No. 218/446 contains approaches
to the definition of key indices of economic effi-
ciency of projects. At the same time there are differ-
ences with the previously considered normative acts
in determining the «profitability index «. So in these
recommendations it is defined as the ratio of net
discounted income to the discounted investment
value, and in all other regulatory acts — as the ratio
of the present value of the results (net cash inflow)
to the present value of investment outlay. As the
Procedure and Criteria for Assessing the Economic
Efficiency of Project (Investment) Proposals and
Investment Projects, approved by the Cabinet of
Ministers of Ukraine as of 18.07.2012 No. 684 de-
termines the efficiency criterion as the profitability

index higher than 1, more correct definition of this
index is given in the Methodological Recommenda-
tions on Development of State Supported Invest-
ment Projects, approved by Order of the Ministry of
Economic Development and Trade of Ukraine as of
13.11.2012, No. 1279. However, the Methodology
for Determining the Cost-effectiveness of Research
and Development and their Implementation in Pro-
duction contains certain elements of methodological
approaches to risk assessment when measuring effi-
ciency. Thus, the paragraphs 3.20 and 3.21 of the
Methodology stipulate that mid-term and long-term
R & D projects concerning the timing of their im-
plementation need to take into account the uncer-
tainty and risk factor. The following methods can be
used to take into account the uncertainty and risk
factor: verification of project sustainability, adjust-
ment of project parameters, formal description of
uncertainty. The project sustainability is determined
by the break-even point. Correction of project pa-
rameters is based on refinement of the initial tech-
nical and economic task, including the terms of the
project due to delays in financing its stages, proce-
dural violations in the implementation of innova-
tions, violation of terms of feedstock supply and
other complications. In all cases of such violations
the resulting losses are added to the project cost
structure. The paragraph 3.22 (formula 3.16) of the
Methodology stipulates the application of a capital
asset valuation model to determine the discount rate
allowing for risk.

Thus, domestic regulatory acts in the field of
cost-effectiveness analysis of innovation and in-
vestment projects reflect a certain methodical
toolkit on the structure of forecast cash flows, the
definition of their components, the calculation of
the main indicators of economic efficiency of in-
vestment, taking into account the factor of time,
which in general corresponds to the modern theo-
retical foundations of cost-effectiveness analysis
and project analysis [1, 3, 4, 7, 10, 13, 15].

A cost-effectiveness analysis of an innovation
and investment project is carried out at such stages.

I. Determination of project life cycle.

Il. Forecast of cash flows by the base project
scenario.

I11. Quantitative assessment of the risk level of
the project.

IV. Determination of discount rates for the base
investment project scenario based on the rate of
return and risk level.
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V. Determination of indices of effectiveness by
the base scenario and discount rate allowing for
risk premium.

The net present value of the innovation and in-
vestment project is determined by the formula:

E, ¥ 1, 5 W

where NPV — net present value; R — discount
rate; T — project life cycle; E, — the result (eco-

nomic effect) of the project in the t-th period; I, —

investment costs of the project in t-th period.

The criterion for project efficiency is the posi-
tive value of NPV,

When forecasting the results and costs of a pro-
ject in this work we use the concept of base (fixed
for a certain date) prices. Therefore, in the project
under consideration, the forecasted economic ef-
fect varies little over the years of the investment
life cycle and can be taken at the average annual
level. Investment costs of the project arise only in
the beginning of the investment life cycle and
equal to the locomotive modernization cost. There-
fore, the formula for determining the net present
value of a project can be presented as:

-T
ey —g.2@FR) 2
R
where E — annual economic effect of locomotive
modernization; | — locomotive modernization
cost; T —useful life of the locomotive.

The project internal rate of return is defined as
the discount rate, according to which the net pre-
sent value of the project is zero. It is established by
solving the equation:

= 1-(1+ IRR)™"
IRR

where IRR is the internal rate of return.
The project effectiveness criterion is the excess
of the internal rate of return over the discount rate.
The project profitability index (PI) is deter-
mined by the formula:

~1=0, 3)

= 1-(1+ IRR)™"

R (4)

Pl =

The project effectiveness criterion is the value
of the profitability index, which is greater than or
equal to one.

The discounted payback period of the project
investments is defined as the period from the start
of the life project cycle to the moment after which
the accumulated net present value of the portfolio
becomes and continues to remain positive. The
effectiveness criterion is the magnitude of the dy-
namic payback term, which is less than or equal to
the duration of the life portfolio cycle.

Under the basic prices when forecasting cash
flows we exclude the inflation component from the
composition of the discount rate by the formula:

R:Rn—i
1+i

()

where R — real discount rate; R, — nominal rate

discount; i — forecasted inflation rate.

The cost-effectiveness analysis of locomotive
modernization is carried out on the basis of com-
parison of costs with the results arising from the
modernization during the life cycle of the locomo-
tive.

The life cycle is taken equal to the normative
lifetime of the diesel locomotive. As investment
costs we considered the costs associated with the
higher cost of the wheel-motor block (WMB) with
anti-friction TMSB in comparison with the WMB
with plain friction TMSB. The results are saving
operating costs, which are provided by the re-
placement of plain friction TMSB with anti-
friction TMSB. The mentioned costs are taken into
account in locomotive modernization cost.

The average annual economic effect of locomo-
tive modernization consists of operating costs sav-
ing associated with the locomotive operation, and
includes:

— oil cost savings;

— cost savings for repair and maintenance of
diesel locomotive wheel-motor blocks, including
the change of TMSB brass;

— fuel consumption saving for hauling opera-
tions.

The oil cost savings are determined based on
the amount of oil changes and refilling to the plain
friction and anti-friction TMSB during repairs, the
oil cost for changes (refilling) during maintenance
and the price of the oil of the corresponding type.
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The cost savings for repairing and servicing
diesel locomotive wheel-motor blocks are deter-
mined on the basis of the complexity of the work
involved, the tariff rates of the workers and the
cost of the brasses used for changes.

The fuel consumption saving for hauling opera-
tions is determined on the basis of increasing the
coefficient of useful efficiency of gear transmis-
sion with anti-friction TMSB, in comparison with
plain friction TMSB.

The starting data for the cost-effectiveness
analysis of diesel locomotive modernization are the
operating norms of operation, maintenance and
repair of locomotives of a particular series, data of
the developer of modernization, statistical data of
PJSC «Ukrzaliznytsia», State Statistics Service of
Ukraine, National Bank of Ukraine and results of
own researches of the executors of this work. Out-
put data for cost-effectiveness analysis of moderni-
zation of M62 diesel locomotive are shown in Ta-
ble 1, 2.

Table 1
Output data for cost-effectiveness analysis, differing in variants
. Value for the locomotive with
Index unit of Informati Anti-fricti Informati
measure Plain friction TMSB nrormation nu-triction nrormation
source TMSB source
Oil used in TMSB - axial oil of «L», «Z» data of PJSC | «Agrinol» oil | data of a de-
grades (GOST 610-72) «UZ» veloper
Frequency of full oil filling - during repairs with disas- [4] CR-3, data of a de-
of TMSB sembly of WMB, in the OR-1, OR-2 veloper
case of brass change, dur-
ing seasonal oil change
Frequency of TMSB oil re- - M-2, M-3 [4] CR-2 data of a de-
filling veloper
Amount of oil consumed |I/lubr. point 12 data of PJSC 15 data of a de-
when completely changed «UZ» veloper
Amount of oil consumed |I/lubr. point 0.4 data of PJSC 0.15 data of a de-
when refilled «UZ» veloper
Oil price, ex VAT UAH/I 12.5 prozor- 51.82 data of a de-
ro.gov.ua veloper
Table 2
Output data for cost-effectiveness analysis, similar in variants
Index Unit of measure Value
Number of lubrication points un./sect. 12
Normative inter-repair periods:
— maintenance M-2 hours 72
— maintenance M-3 ths. km 10
— current repairs CR-1 ths. km 50
— current repairs CR-2 ths. km 95
— current repairs CR-3 ths. km 195
—overall repair OR-1 ths. km 780
— overall repair OR-2 ths. km 1560
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Continuation of a table 2

Index Unit of measure Value
Number of lubrication points un./sect. 12
Average rate of shed percentage of defective diesel locomotives % 8
Normative term of operation of diesel locomotive years 20
Hourly rate of rolling stock repair mechanic, taking into account all surcharges:
— 3-rd category UAH/year 33.47
— 5-th category UAH/year 42.92
The rate of unified social tax % 22
Average cost of the package of TMSB brasses, ex VAT UAH/TMSB 50 000
Actual specific consumption of diesel fugl in freight traffic for M62 series loco- | kg/10 000 t-km br. 34
motive
Hourly fuel consumption at idle speed kgl/year 25
Average weight of freight train with M62 series locomotive ton 3781.82
Average mileage of M62 series diesel locomotives km 416
Cost of diesel fuel, ex VAT UAH/t 22 059
Increase in the efficiency coefficient of gear with anti-friction TMSB, in compar- times 1.055
ison with plain friction TMSB
Cost of modernization of the wheel-motor block under anti-friction TMSB, ex ths. UAH 357.6
VAT
Average technical speed km/year 45.6

Findings

To determine the flow of lubricants to lubricate
the TMSB, the number of repairs and maintenance
for the life cycle of the diesel locomotive is deter-
mined in accordance with the repair cycle chart.

The assigned lifetime of the locomotive mile-
age is defined as a double life of the run prior to
major repairs within OR-2, which is 3120 thousand
km. Proceeding from the mileage resource of the
M62 series locomotive and the standards of inter-
repair runs, the normative quantity of repairs and
maintenance of the locomotive for a life cycle is
determined, which is:

— OR-2 — 1 repair;

— OR-1 - 2 repairs;

— CR-3 - 12 repairs;

— CR-2 — 17 repairs;

— CR-1 - 29 repairs;

— M-3 — 250 maintenances per cycle;

— M-2 — 112 maintenances per year.

When performing the overall, current repairs,
as well as maintenance for the locomotives with

plain friction TMSB, during a seasonal oil change,
its full replacement is carried out. In the course of
maintenance, the plain friction TMSBs are refilled
with oil [5]. The oil consumption for a complete
change for the plain friction TMSB is: 12-12=144
| for the locomotive section, for oil refilling: 12-0.4
= 4.8 | for the locomotive section. Thus, the aver-
age annual oil consumption for plain friction
TMSB reaches 1 322.4 1.

When performing the overall and current re-
pairs for diesel locomotives with anti-friction
TMSB within CR-3, a complete change of oil is
carried out. When performing maintenance within
M-2, the anti-friction TMSBs are refilled with oil.
The oil consumption for a complete change for the
anti-friction TMSB is: 12-1.5 = 18 | for the loco-
motive section, for oil refilling: 12-0.15 = 1.8 | for
the locomotive section. Thus, the average annual
oil consumption for the anti-friction TMSB reaches
15.93 litres.

Taking into account the loss of oil when pour-
ing and refilling (10%), the average annual cost of
lubricants is:
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— for locomotive with plain friction TMSB —
18 183 UAH;

— for locomotive with anti-friction TMSB —
908 UAH.

The cost savings for
are:18183-908=17 275 UAH per year.

Costs for maintenance and repair of M62 loco-
motive WMB with plain friction and anti-friction
TMSB include the costs associated with:

— remuneration of employees engaged in the
maintenance and repair of WMB, the level of
which is determined by the complexity and skill of
repair personnel;

— cost of materials and spare parts for mainte-
nance and repairs.

Labor costs are determined on the basis of the
list of TMSB-related works performed during
maintenance and repairs, the normative level of
work and the value of the standard hour of the re-
spective category. It takes into account the time
factor for support needs 1.093 (for preparatory and
final actions 3.5%, time for servicing the work-
place 3.1%, time for rest and personal needs 2.7%,
total — 9.3%).

The labor intensity of the anti-friction TMSB
maintenance is adopted at the level of 25% of the
corresponding value for the plain friction TMSB

lubricants

due to simplification of the process of servicing the
anti-friction TMSB.

The costs associated with remuneration are giv-
enin Table. 3

Table 3 shows that the average annual labor
costs are: for the plain friction TMSB
181926/20=9096 UAH, for the anti-friction

TMSB 19412/20=971 UAH. Thus, the cost sav-

ings  associated  with  remuneration  are
9096 —971=8125 UAH per year.

During the lifecycle of the M62 series locomo-
tive, when performing overhaul repair, a complete
change of the TMSB brasses is performed. During
CR-3 current repairs 35% of brasses are changed.
The cost of the package of TMSB brasses is 50
thousand UAH ex VAT. Thus, the average annual
cost savings for spare parts is:

(50000-(1+2)+50000-12-0.35)-12
20

=216 000 UAH/year.

In the middle conditions of operation, the M62
series diesel locomotive (incl. the idle time in re-
pairs) per year carries out gross turnover in the
amount of:

Table 3

Calculation of expenses connected with remuneration of labour for work with TMSB during
repairs and maintenance of M62 series diesel locomotive during the life cycle

> Labour intensity with| | 8 Unified social tax

S « § allowance for auxilia-| £ ® @ Payroll fund, UAH UAH ' | Total expenses, UAH
€ S S ry time, man-hour |'€ 3| E

=g 3| g Egl =

S5 E B S 5 g

< | & & | Plain | Ami- |88 B Plain | Anti- | Plain | Anti- Plain Anti-
‘C;i O § friction | friction | § & « friction | friction | friction | friction | friction friction
5 = | 2

M-2 | 3 |33.47| 0.38 0 22401 1.1 | 31339 0 6 895 0 38234 0
M-3 | 5 |42.92| 4.59 0 250 | 1.1 | 54176 0 11919 0 66 095 0
CR-1| 5 [42.92| 121 3.03 29 1.1 | 16567 | 4149 | 3645 913 20212 5062
CR-2| 5 |42.92| 16.26 4.07 17 1.1 | 13050 | 3267 | 2871 719 15921 3986
CR-3| 5 [42.92| 38.13 9.53 12 11 (21602 | 5399 | 4752 | 1188 26 354 6 587
OR | 5 (4292 | 87.44 | 21.86 3 11 |12385| 3096 | 2725 681 15110 3777

Total per life cycle 149119| 15911 | 32807 | 3501 | 181926 | 19412
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3781.82-416-(1—0.08) .365-10°° =
=528.3min. t-km br.

Specific fuel consumption is 34 kg per 10000
ton-km br. Total fuel consumption per year reaches

528.3-10°-34
10 000

1072 =1796.22 tons.

Average section speed reaches 45.6 km/h, then
time in the movement of the diesel locomotive of
the operating rolling stock is

416 =9.12 hours per day.
45.6

The annual budget of idle time in «hot» condi-

tion of the M62 series locomotive reaches:

(24-9.12)-365-(1-0.08) = 4997 hours per year.

Fuel consumption for idle time in «hot» condi-
tion reaches:

4997.25.107% =124.9 tons.

Fuel consumption of the M62 series locomotive
in the train operation reaches:

1796.22-124.9=1 671.32 tons.

Since the gear ratio efficiency of the anti-
friction TMSB is 1.055 times higher than that of
the plain friction TMSB, fuel savings will average
over the year

1671.32

1671.32—- =87.1 tons.
1.055

At the cost of diesel fuel of 22059 UAH/ton,
the annual saving in fuel consumption for hauling
operation will be:

87.1-22059=1921339 UAH per year.

The overall average annual economic effect of
modernizing the section of the M62 series locomo-
tive reaches:

(17 275+8125+216 000+1921339) 107 =
=2162.7 ths.UAH per year.

Investment costs per M62 series locomotive
section are defined as the product of the number of
WMBs and the cost of upgrading one WMB and
equal to:

6-357.6=2145.6 ths. UAH ex VAT.

The discount rate is determined using the mod-
el of capital asset valuation (3-method) as the cost
of capital invested in the field of economic activity
«Transport».

The risk factor 3 is defined as the ratio of the
covariance of the return of the investigated invest-
ment asset and the capital market return.

As a measure of return on investment, the prof-
itability of equity capital of large and medium-
sized enterprises in Ukraine as a whole (capital
market return ratio) and the sphere of economic
activity of «Transport» (investment assets return
ratio) are used. The net profit and equity figures
are shown in the Table 4 [9].

According to Table 4, the covariance of profit-
ability (55.7) and market profitability dispersion
(155.4) were determined. Thus, the Betta coeffi-
cient for investments in the sphere of economic
activity «Transport» reaches

B> _0358.

155.4

As the base rate, we used the rate of return on
investments with a minimum risk — the average
interest rate on long-term deposits of economic
entities in 2017 was 14.3%.

The yield of the stock market at the current
time is defined as the average yield of the stock
index UX (index of Ukrainian shares) per one year
(from 15.11.2016 to 15.11.2017). The index at pe-
riod beginning was 791.11, at period end -
1261.62 [9]. The average annual rate of income is

126162
" 79111

Thus, the nominal discount rate before taxation

-100-100 =59.47 %.

is
R:Rb+B-(Rm—Rb):

=14.3+0.358-(59.47 -14.3) =30.5 %.

doi 10.15802/stp2018/141178

© M. I. Kapitsa, O. M. Hnennyi, D. V. Bobyr, 2018

119



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpacnopty. Bicaux /IHinponeTpoBcskoro
HaL[lOHAJIBHOTO YHIBEPCHUTETY 3ali3HUYHOro TpaHcnopty, 2018, Ne 4 (76)

PYXOMMUI CKJIAZ 3AII3HULIB I TATA TTOI3/11B

Table 4
Determination of the return on equity
Year Net financliJejAIdr_iesult, min. Average equity, min. UAH Equity at psg?f'j end, min. Return on equity, %
in Ukraine transport in Ukraine transport in Ukraine transport in Ukraine transport

2016 | 133244 | 6622533 | 1790507 | 727082,3 |1806908,5| 729 340,6 0,74 0,91
2015| -373516 | -17847,8 | 1627381 | 438080,6 |1774104,6| 7248239 -22,95 -4,07
2014 | -590067 | -22591,6 | 1715516 | 165346,2 | 1480658 | 151 337,3 -34,4 -13,66
2013 | -22839,7 -1423,4 1927658 | 176269,8 |1950374,9| 1793551 -1,18 -0,81
2012 | 35067,3 31277 1745612 | 1795253 |1904940,2| 173 184,5 2,01 1,74
2011 | 677979 2839,8 1506498 | 1802354 |1586284,7| 185866 4,5 1,58
2010 | 13906,1 1348,7 1348125 | 169027,3 |1426711,6| 174 604,7 1,03 0,8
2009 | -371311 4 889,5 1201571 | 155846,4 |1269537,7| 1634498 -3,09 3,14
2008 | -41025.1 2345 1081690 | 139033,1 |1133603,7| 1482429 -3,79 0,17
2007 - - - - 1029 775,5| 129 823,2 - -

When forecasting the costs, the concept of base
prices is used, so the real discount rate is used for
discounting. The inflation rate is assumed to be
11% per year [9]. That is, the real discount rate
reaches:

305-11

1+0.11

Thus, the main indices of the economic effi-
ciency of modernization of the M62series locomo-

tive are as follows:
— Net present value (formula (2))

=17.6 %.

1-(1+0.176)

NPV =2162.7 - —-2145.6=

=9 662 ths. UAH;

— Internal rate of return (3))

— Static payback period is:

21456

oo = -12 =11.9months.
2162.7

The graph of accumulation of the net present
value of the project is shown in Fig. 1

Originality and practical value

Taking into account the specifics of the type of
locomotive work in freight traffic, we developed a
method to determine the individual components of
the average annual economic effect of moderniza-
tion of the diesel locomotive WMB, which in-
cludes saving of oil costs, repairing and servicing
the diesel locomotive WMB, as well as change of
TVSB brass and saving fuel costs for traction.

The practical value of the work lies in the fact
that on the basis of the above methodology and
research results it is possible to determine the ex-
pediency of modernizing the locomotive taking

1_(1+ 'RR)_ZO into account the peculiarities of its operation
2162.7.-—— 7 21456=0; _ p p .
Conclusions
IRR =1.007: It is clear from the calculations above that the

— Profitability index (formula (4))

1-(1+0.176)

0.176
2145.6

2162.7-

PI =

=5.5times;

net present value (NPV) of the project is 9662
thousand UAH, the internal rate of return (IRR) of
the project is 100.7%, which exceeds the discount
rate, the profitability index (P1) of the project is 5.5
times higher than 1. Schedule in Fig. 1 shows that
the discount payback period of the project is 1.2
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years (14.4 months), which is considerably less
than the life cycle of investments.

Thus, the main criteria testify that the consid-
ered innovative project on modernization of M62

series locomotive provides a high level of cost ef-
fectiveness.
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Fig. 1. Accumulation of net present value

At the same time, the value of the discounted
investment payback period for modernization
shows that it is expedient to conduct it if the re-
maining useful lifetime of the modernization object
(M62 series diesel locomotive) is not less than 15
months.

The feasibility study is executed in the prices
and standards of 2017 at the stage of development
of the technical documentation for WMB moderni-
zation and should be clarified according to the re-
sults of their work in real operating conditions.
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E®EKTUBHICTbh MOJAEPHI3ALIIl KOJICHO-MOTOPHUX BJOKIB
TEIIJIOBO3A 3 BUKOPUCTAHHAM MOTOPHO-OCBOBHUX
HIAITAITHUKIB KOYEHHSA

Mera. BuxopucraHHs MOTOpHO-0ChOBHX migmunHUKIB (MOII) KodYeHHS 3aMiCTh MOTOPHO-OCHOBHX
MAMATHAKIB KOB3aHHS € TMPIOPUTETHUM HANPSMKOM PO3BHTKY JIOKOMOTHBOOYIYBaHHS M €KCIUTyaTalii HasBHHX
JIOKOMOTHUBIB. BupileHHs 3aBJaHb LIOA0 BIPOBA/DKEHHS Ha JIOKOMOTHBAxX KoiylicHO-MoTOopHHX OyiokiB (KMB) i3
HIIMIAITHEKAMH KOYEeHHsI TIOTpe0ye MOIIYKY albTepHATHBHUX BapiaHTIB 1 HOBUX TEXHIYHHX pilleHb. MeTOr CTaTTi
€ BH3HAYEHHS JOIIBHOCTI MepeodiIagHaHHA KOJICHO-MOTOPHOTO OJIOKa TEIUIOBO3a HA MiJIMIMITHUKH KOYEHHS
HIISXOM po3paxyHKy xkuTTeBoro mukiay (LCC). Meroauka. ITopsaok i KpuTepii OliHKH €KOHOMIYHOT €(hEKTHBHOCTI
MPOEKTHUX (IHBECTHHIHHMX) TPOIO3MIIA Ta I1HBECTHUIIMHMUX MPOEKTIB, 3aTBEp/pKeHI mocTaHoBolo KabiHery
MinictpiB Ykpainu, nepeadavaroTs, M0 OIMiHKY €KOHOMIYHOI e()eKTUBHOCTI iHBECTHIIHHOTO MPOEKTY 3/1HCHIOIOTH
32 TaKMMHM KpUTEpisIMH: YHCTa IIPUBEIEHA BapTiCTh, BHYTPIIIHS HOpPMa JIOXIIHOCTi, JMCKOHTOBaHUH Nepiox
OKYIHOCTI ¥ iHIeKc MpuOyTKOBOCTi. BUKopucTaHHS 3a3Hau€HHUX KPUTEPIiB €KOHOMIYHOI €()EeKTHBHOCTI IMOBHICTIO
BIJINIOBiJ]a€ CYYaCHHUM IMPHHIUIAM, TECOPETHKO-METOAUYHUAM IiAXO0JaM 1 CBITOBIH MPaKTHII OIHKH €()EeKTUBHOCTI
iHBecTHLid. Y pOOOTI OIIHKA TEXHIKO-€KOHOMIYHOI e(eKTHMBHOCTI MOZEpHi3alil KOJIiICHO-MOTOPHOTO OioKa
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TEIJIOBO3a IMPOBEJCHA Ha OCHOBI PO3PaxyHKy W MOPIBHSHHS HACTYIMHHUX KPUTEPIiB — YUCTOI NMPUBENECHOI BapTOCTI
(NPV) monepHizauii, BHyTpimHboi HOpMmu noxoay (IRR), immekcy moximaocti (Pl) #i AMCKOHTHOTO TepMiHY
okymHOcTi. Pe3yabTaTn. BukoHaHi po3paxyHKH 3Ha4€Hb OCHOBHUX KPHTEpiiB CBiq4aTh, MO iHHOBAIIIHIA IMPOEKT
i3 MognepHi3amii TermaoBo3a 3abe3redye BHCOKHHA piBeHh €KOHOMIWHOI edextuBHOCTI. Ilpm mpoMmy BenmndmHA
JIUCKOHTOBAHOTO TEPMiHY OKYIHOCTI iHBECTHLIH y MOAEpHi3aliro mependadae, mo ii MPOBENCHHS € IOUUIHHIM,
SIKIIIO 3aJIMIIKOBHH PECypC CTPOKY KOPHCHOTO BHKOPHCTAHHS MOJEPHI30BAHOTO TEIIOBO3a cepii M62 He MeHmmi
3a 15 micsaniB. HaykoBa HoBH3HA. 3 ypaXyBaHHSAM OCOOIIMBOCTEH BHIY poOOTH TEIUIOBO3a MiJ Yac pyxy B CKIami
BaHTA)XHOI'O MOi37]a po3pobieHa METOAMKA 3 BU3HAYCHHS OKPEMHUX CKIIAJO0BHX CEPEIHbOPIYHOrO €KOHOMIYHOTO
e(eKTy BiJ MOJIEpHI3aIlii KOJICHO-MOTOPHOrO OJ0Ka TermioBo3a. [lo HUX HajekaTh €KOHOMis BUTpAT HAa MAaCTHIIO,
Ha PEMOHT i 00CIIyroByBaHHS KOJICHO-MOTOPHOTO OJIOKa TEIUIOBO3a, Y TOMY uucii 3aminy BkiamumiB MOII, ta
€KOHOMIsl BUTpAT Ha maybHe Jist TSru noizais. IlpakTuyna 3HaunmicTb. PesynpTat poboTH 103BOJISIOTH BU3HA-
YHUTH JOLUIBHICT MOJEPHI3allil TEIUIOBO3IB 3 YpaXxyBaHHIM OCOOJIMBOCTEH Ta YMOB iX pOOOTH, a TAKOX CHELU(IKH
Mo/JIepHi3arii.

Knrouosi cnosa: MopepHizamlis TeIUIOBO3a; KOJNICHO-MOTOPHHH OJIOK; TEXHIKO-eKOHOMiYHa €(eKTHBHICTH;
I IIIUITHAKA KOYSHHST; )KUTTEBUH LUK
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IOOEKTUBHOCTH MOAEPHU3AIIUN KOJIECHO-MOTOPHBIX
BJIOKOB TEIIJIOBO3A C IPUMEHEHHUEM MOTOPHO-OCEBBIX
HOAMNITHNKOB KAYEHUA

Leas. Mcnonp3oBanne MOTOPHO-0ceBBIX NMOAUIHUKOB (MOII) kaueHnss BMECTO MOTOPHO-OCEBBIX ITO/IIIUITHHU-
KOB CKOJIB)KEHUS! SIBJIAETCS IPUOPUTETHBIM HAIIPABICHUEM Pa3BUTHS JTOKOMOTHBOCTPOEHHUS M HKCILUIyaTallUM HMe-
IOIIUXCSl JIOKOMOTHBOB. PemieHne 3agay 1O BHEAPEHHIO HA JIOKOMOTHMBAX KOJIECHO-MOTOPHBIX Oj0k0B (KMDB)
C TMIOAUIMITHUKAMH Ka4eHUs TpeOyeT MONCKA albTePHATUBHBIX BApUAHTOB M HOBBIX TEXHHYECKUX perieHuil. L{enspro
CTaThH SBJIAETCS OMpE/eNIeHHE 11e1ec000pa3HOCTH Mepeo0opyA0BaHuUs KOJIECHO-MOTOPHOTO OJIOKA TEIUIOBO3a Ha
MOIIIMITHUKY KadeHHs ImyTeM pacdera xusHeHHoro Iukia (LCC). Meroauka. ITopsanok U KpUTEpHH OLIEHKH 3KO-
HOMHYECKOH 3(P(PEKTUBHOCTH IPOEKTHBIX (MHBECTUIMOHHBIX) MPEAJIOKEHHH W HMHBECTUIIMOHHBIX IIPOEKTOB,
yIBEp)KJeHHbIe TocTaHOoBIeHHeM KabmHera MMHHCTPOB YKpaWHBI, MPEAINONIAralT, YTO OIEHKa YKOHOMHYECKON
3G PEKTUBHOCTH WHBECTHUIIMOHHOTO INPOEKTA OCYIIECTBISIETCS IO CIIEAYIONIMM KPUTEPHSM: YHCTasl MPUBEICHHAS
CTOUMOCTh, BHYTPEHHSSI HOpMa JOXOJHOCTH, JUCKOHTHPOBAHHBIA MEPUO] OKYIAEMOCTH M HHIAEKC JOXOMHOCTH.
Hcnonb3oBaHue yKa3aHHBIX KPUTEPHEB SIKOHOMHUYECKOH 3 (EKTUBHOCTH ITOJIHOCTBIO COOTBETCTBYET COBPEMEHHBIM
MIPUHINIIAM, TEOPETUKO-METOJUIECKUM TI0JIX0/IaM ¥ MHUPOBOH MPAKTHKE OLEHKH 3(P(PEKTUBHOCTH MHBECTUIMH. B
paboTe omeHKa TEeXHHKO-3KOHOMHUYECKOH 3()(EKTHBHOCTH MOAEPHU3AIMH KOJIECHO-MOTOPHOTO OJIOKA TEIIoBO3a
IIPOBE/ICHAa HAa OCHOBE pacueTa M CPaBHEHHS CIEAYIOIIMX KPUTEPHEB — YHCTOM npuBeaeHHOU cromMocTd (NPV)
MOJIepHHU3AINH, BHyTpeHHeH HopMBI foxoaa (IRR), nngexca noxogHoctu (PI) u TMCKOHTHOTO CpOKa OKYNaeMOCTH.
Pe3yabrarhl. BhIIOJHEHHBIE pacyeThl 3HAYEHUN OCHOBHBIX KPUTEPUEB CBUAETEIbCTBYIOT, YTO WHHOBAL[MOHHOM
MIPOEKT 110 MOACPHHU3ANNH TEIJIOBO3a 00ECIIEYNBAET BEICOKHMH YPOBEHb IKOHOMHUUYECKOH 3 dekTHBHOCTH. [Ipn aTOM
BEIMYMHA TUCKOHTHPOBAHHOTO CPOKA OKYIIAeMOCTH MHBECTHIIMH B MOJCPHHU3AIMIO IPEAyCMaTPUBALT, YTO €€ Mpo-
BEZICHHE I1€TIECO00Pa3HO, €CIM OCTATOYHBIH PECYPC CPOKa MOJIE3HOTO UCTIOIb30BAHHUS MOJEPHU3UPOBAHHOTO TEILIO-
Bo3a cepun M62 He menee 15 mecsineB. Hayunasi HoBu3na. C yueToM ocoOeHHOCTEH BHia pabOThI TEIIIOBO3a BO
BpeMsi JBIDKEHHSI B COCTaBe TIpPy30BOIO I0oe3[a pa3padoTaHa METOAMKa 110 OMNPEAEICHHIO OTIEIbHBIX
COCTaBIISIIOLIMX CPEAHET0JJOBOTO0 HKOHOMHYECKOro 3ddekra 0T MOAEpHU3ALUM KOJIECHO-MOTOPHOTO OioKa
TerioBo3a. K HUM OTHOCATCSI 3KOHOMHMSI PAacXoJI0B HA CMa3Ky, HA PEMOHT M OOCITy>KHBaHHE KOJECHO-MOTOPHOTO
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070Ka TemIoBO3a, B TOM yHcie 3ameHy Biimaapimed MOT, u KoHOMHS 3aTpaT Ha TOIUIMBO JUISL TSATU IIOE3JIOB.
IIpakTHyeckass 3HAYUMOCTBh. Pe3ynbTaTel pabOTHI MO3BOJISIOT OINPEAEIHTH LEJIECOO0Pa3HOCTh MOJICPHHU3ALUH
TETJIOBO30B C y4ETOM OCOOEHHOCTEH 1 YCIIOBHI NX PabOTEHI, a TakKe CIICHU(UKH MOJCPHNA3AIHN.

Kniouegvie crosa: moaepHn3ays TEIIOBO3a; KOJIECHO-MOTOPHBIN OJOK; TEXHHKO-3KOHOMHYecKast 3(dexTus-

HOCTb, NOAIINITHUKHN Ka4YCHMUS, JKH3HCHHBIN ITHKJI

=

10.

11.

12.

13.

14.

15.
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SENSITIVITY OF STRESSES TO THE FORCES ACTING ON THE CAST
PARTS OF FREIGHT-CAR BOGIE

Purpose. To determine the effect of the force components acting in the axle box and the central spring suspen-
sion on the stresses occurring in the side frame of the three-piece bogie. Methodology. To assess the effect of the
forces acting on the side frame on the stresses in it, we developed a finite element model of the side frame. After
that, we carried out an assessment of its stress-strain state under loading conditions corresponding to the T and
IIT design modes. According to the results obtained, we determined the stress concentration points in the construc-
tion, which are selected as check ones for further studies. Also, as checkpoints we took the points corresponding to
the sensor locations when estimating the stresses in the side frame during the tests. At the next stage, we applied unit
loads in sequence at the interaction points of the side frame with the boxes and the central spring group. To obtain
a more accurate result, the unit forces were balanced by the corresponding forces and moments of inertia. With each
loading variant, tensors of stresses arising from the action of unit loads were obtained at checkpoints. On the basis of
the stress tensors obtained, we determined the corresponding equivalent stresses — the sensitivity coefficients.
Findings. The paper determines the stress sensitivity coefficients in the three-piece bogie side frame to external
loads acting on the side frame from the side of axle box and central spring group. Based on the results of the as-
sessment of the coefficients obtained, we determined the forces having the greatest influence on individual sections
of the side frame. We estimated the possibility of using the obtained results in optimizing the parameters of the bo-
gie spring suspension to increase the strength and durability of the side frame. Originality. For the first time, the
effect of individual components of the forces acting on the side frame on the stresses in it has been estimated.
Practical value. The obtained result can be used in the design and optimization of three-piece bogies, to improve
the side frame durability. The stress tensors obtained can be used to estimate the effect of complex loading on the
side frame strength and durability.

Key words: strength; side frame; three-piece bogie; durability; freight car

the established steel viscosity requirements KCV
Introduction (-60°C) [2]. To solve these problems, the works
are in progress to improve the casting technology —
regulating the metal cooling by updating the
moulding flasks or the design of the side frame
itself. Besides, monitoring more strictly the quality
of metal and casting methods by destructive and
non-destructive controls.

The second possible cause of mass fractures is
structural. In 2001, there was a transition from the
I-section of the arch bar on the supra-box area to
the box-like section [14]. It was suggested that
the I-section of the side frame extension acted as
an elastically deforming quencher of torque, which
occurs during critical loosening of side frames
relative to each other and the corresponding angu-
lar displacements of the set of wheels in the pedes-
tal jaw opening. In other words, the I-section de-
sign was less rigid in the horizontal plane and had

The absence in the three-piece bogies of freight
cars of devices preventing from falling onto the
track its main supporting elements such as the bol-
ster and the side frame sharply raise the reliability
requirements imposed on these elements. Howev-
er, a fairly large part of the freight train derailment
at the current moment is caused precisely by de-
fects in the cast parts of the bogies, namely, the
side frame fractures.

The railway enterprises have been facing the
problem of mass fracture of side frames since 2006
[3, 5, 16] and two main directions can be identified
as the main possible causes.

The first one is low quality of casting. Work in
this direction revealed two possible causes — hid-
den defects in casting [6] and non-compliance with
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a slightly loaded position — the I-section pedestal,
which had a compensating effect of the bending
moments of the set of wheels, and in abnormal op-
eration modes, all defects in the side frame opera-
tion were visible. The solution to this problem is
related to the development of methods for
strengthening the side frame structure on the basis
of calculations and tests to determine its strength
[7, 13, 15, 17, 23], reliability, as well as the dy-
namic characteristics of the car as a whole [4, 8, 9,
16, 19, 21, 22].

Possible solutions are attempts to create welded
structures of side frames [1, 11]. This solution, alt-
hough it will eliminate the problems of casting,
however raises many questions related to the relia-
bility of welded joints.

To increase the reliability of the bogie cast
parts, it is also possible to consider the possibility,
at the design stage, of the influence of the spring
suspension parameters on the stresses arising in the
parts.

Purpose

To determine the effect of the force compo-
nents acting in the axle box and the central spring
suspension on the stresses occurring in the side
frame of the three-piece bogie.

Methodology

The sensitivity of the indicator ¢ to the value
P; (J — index that separates the considered quan-
tity from the set of values P, which o depends on)

means the ratio of the change in the indicator Ac
to the change in the argument AP, ,

ki” = Ao AP, (1)

In the case of a linear dependence of the expo-
nent on all arguments, this definition is unambigu-
ous in the sense that the sensitivity value k{” does

not depend on the fact at which values of the ar-
guments the indicator o was calculated, as well as
on the selected increment AP;. In the general case
it is necessary somehow to characterize the totality
of the values k{” in a compact form. It is common

to use the Morris method for this purpose [20],
which consists in the fact that the sensitivity values

are calculated at random points in the domain of
definition with specially chosen increments of
arguments (to reduce the amount of calculations),

and then the mathematical expectation E[k{*] and
the E[k{”’]mean-square deviation of the sensitivi-

ties o[k{”]are analysed. Fulfilment of condition

[BLk (]| < 20k ] )
indicates a substantially nonlinear character of the
dependence.

Since the dependence of the stress tensor
components on the loads is linear, and the change
in the parameters of the running parts causes
a relatively small change in the loads, the nonline-
arities (in determining the equivalent stresses and
the number of cycles before the appearance of frac-
ture) can hardly be regarded as essential, which
eliminates the need to apply more sophisticated
methods of sensitivity analysis such as Sobol's
indices [18].

Stresses that arise in the bogie side frame under
the action of a static load are shown in Figure 1.
The heavily loaded areas near the lower corner of
the central spring opening, on the lower side frame
member and at the point R55 of the pedestal jaw
opening are clearly visible. The stress levels in
these places for various combinations of loads are
given in Table 1 and approach the maximum per-
missible values for 20GL steel. The T calculation
mode corresponds to the loading variants a and b,
and Il to c...f. Also, the stress concentration is no-
ticeable in the corners of the process window (101
MPa) and the upper corners of the central spring
opening (114 MPa).

Fig. 1. Stress distribution
in side frame model
for the I11-design mode, MPa.
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The stress concentration at these points is ex-
pected from the point of view of the geometry of
the model. Also these points are checkpoints ac-
cording to [12].

Table 1
Maximum stresses in the bogie side frame, MPa
g E 2 T |2
> =%} =
2z 5 85| Zg |8
= g & ES £ 2
S 3 & Z )
| o w
Lower corners
a of the central 250 240 6,7, 27
spring opening
b Vertical pedes- 250 235 14, 15,
tal roof
Lower corners
c of the central 140 132 |6,7,27
spring opening
q Vertical pedes- 140 137 14, 15,
tal roof
e Vertical pedes- 140 139 14, 15,
tal roof
Lower corners
f of the central 140 131 6,7, 27
spring opening

Taking into account the obtained results, the
points shown in Figure 2 were chosen to estimate
the stressed state of the side frame. Their total
number is 43, they are located in the middle of the
lower side frame member (1-5, 18, 19, 25), in the
upper (8, 9) and the lower (6, 7, 26, 27) corners of
the central opening for spring suspension, in the
opening between the diagonal tension member and
the column (10-13), in the inner corner of the ped-
estal opening (14, 15), in the middle (20-24) and
the cantilever part (16, 17) of the arch bar. The
points located symmetrically are not shown in Fig.
2. And they are assigned with the numbers 4'... 27".

The side frame perceives the forces from the
central spring suspension and the axle box. To as-
sess the effect of these forces on the stresses aris-
ing in the side frame, we sequentially determined
the stresses from unit forces acting in three direc-
tions at the appropriate places. To balance the ac-
tion of unit forces on the side frame, we applied
inertia forces and a moment of inertia correspond-

ing to the acting forces. The points of application
of unit forces and the direction of the local coordi-
nate axes are shown in Figure 3

¢
75,/‘7'

A B
223 "I "IN r

‘ ~eLe o)

Fig. 3. Points of application of unit forces

Findings

As a result of the calculation, we obtained the
tensors of stresses arising from the action of unit
loads at the side frame checkpoints. On the basis of
the obtained stress components, the corresponding
equivalent stresses arising from the action of unit
loads, the sensitivity coefficients, were calculated.
The intensity of the effect of unit forces on the
stresses at the points of the finite element model is
shown in Fig. 4.

In Figure 4, the intensity of the shading of indi-
vidual cells characterizes the degree of the force ef-
fect on equivalent stresses at the point of the model.

Analyzing the results of the calculation, we can
conclude that the points 6, 8, 9 and symmetrical 6',
8" and 9 '- the lower and upper corners of the cen-
tral spring opening — are the most sensitive to
changes in the external load, up to 1.204 MPa/kN.
Point 26, strengthening rib in the lower member, is
sensitive to the vertical load from the sub-key
spring — 1.054 MPa/kN.
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The points located on the lower member (p. 1 —
3, 18, 19, 25), the lower corner of the central
spring opening (p. 6, 7, 27) are sensitive to vertical
loads acting on the central opening roof, the sensi-
tivity factor is 0.411 MPa/kN and 1.154 MPa/kN
respectively, and points 6, 7, 27 are also sensitive
to vertical loads from the friction key — up to 0.772
MPa/kN. The transition from the lower member to
the diagonal tension member (p. 4, 5) is almost
equally sensitive to all loading variants except the
longitudinal forces in the pedestal opening and
from the action of the friction keys — up to
0.156 MPa/kN. The upper corner of the central
spring opening (p. 8, 9) is sensitive to vertical and
transverse loads from the action of the friction key
— up to 1.204 MPa/kN. The arch bar in the middle
part (p. 20-24) is more sensitive to the transverse
loads acting from the vibration dampers and in the
axle box — up to 0.166 MPa/kN. For points located
in the process window area (p. 10 — 13) it is quite
difficult to determine a specific group of forces
that exert significant influence, since this area ex-
periences a complex loading - wup to
0.348 MPa/kN.

The inner corner of the pedestal opening (p. 14,
15) is mostly influenced by longitudinal and verti-
cal forces from the nearest pedestal opening — up
to 0.143 MPa/kN. The arch bar in the pedestal
opening area (p. 16, 17) is mostly influenced by
the forces in the places of vertical and transverse
axle box intersections as well — up to 0.109
MPa/kN, the influence of the remaining loads is
less approximately twofold.

Thus, to reduce, for example, the stresses in the
lower corners of the pedestal opening (p. 6, 7, 27)
by 5% (6.95 MPa, Ill design mode), it is necessary
to reduce the vertical load on the central spring
opening by 19.64 kN (average sensitivity coeffi-
cient is 0.35 MPa/kN). To reduce stresses in the
inner corner of the pedestal opening (p. 14, 15) by
5%, it is necessary to reduce the level of longitudi-
nal or vertical load components in the axle box by
52 MPa (average sensitivity coefficient s
0.132 MPa/kN). Reducing the load in this range

can be difficult; therefore, along with changes in
the parameters of the spring sets, it is necessary to
provide for an increase in the strength of the struc-
ture due to local reinforcement.

In operation, static forces act on the side frame
from the car gross weight — about 220 kN with an
axial load of 23.5 tons per axle and the dynamic
forces arising from the movement of the car can be
from 50% to 80% of the static load [10]. Reduction
of static loads is not advisable, since their main
component is the load-carrying capacity of the car.
Dynamic loads, the magnitude of which can reach
up to 176 kN, can be reduced through the use of
rational parameters of spring suspension and the
structure as a whole. At the same time, a decrease
in the dynamic component of the loads acting on
the side frame by only 5% — 8.8 kN, can lead to
a decrease in the stress level in the side frame by
1.37-10.60 MPa. This decrease is not significant in
evaluating the strength of the structure, however,
in assessing its durability, reducing the dynamic
load amplitude by 5% will cause an increase in
longevity by 20% (fatigue curve index 4).

Originality and practical value

For the first time, the effect of forces acting on
the three-piece bogie side frame on the stress level
arising in it has been estimated.

The obtained sensitivity factors can be used to
optimize the parameters of the freight car bogie for
increase of durability of its details.

The stress tensors obtained can be used to esti-
mate the effect of complex loading on the side
frame strength and durability.

Conclusions

We determined stress sensitivity coefficients on
the certain sections of the three-piece bogie side
frame to external loads acting on the side frame
from the side of the pedestal and spring openings.
The stress tensors obtained can be used to estimate
the effect of complex loading on the side frame
strength and durability.
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YYTJIMBICTb HAIIPY?KEHD 10 CHWJI, IO AIFOTH HA JIMTI IETAJII
BI3KIB BAHTA’KHUX BAI'OHIB

Mera. Bu3sHauuTH BIUIMB KOMIIOHEHTIB CHJI, SIKi JIIOTh y OYKCOBOMY BY3IIl Ta LIEHTPaJIbHOMY PECOPHOMY CTY-
TIeHI Mi/BINIYBaHH:, HAa HAIIPYXXEHHsI, 110 BUHUKAIOTH y O1YHIH paMi TPHOXEJIEMEHTHOTrO Bi3Ka, — OCHOBHA METa Hay-
KOBOi poOoTu. Meronuka. /[yt OLIHKYM BIUIMBY CHJI HAa BUHUKHEHHS Hanpyrd B OiuHiil pami Oyia po3pobieHa ii
KiHIIEBO-€JIeMEeHTHA Mo/ienb. [Ticis mporo npoBesieHa OlLiHKa HANpYKEeHO-1e(OPMOBAHOTO CTaHy O1YHOT paMu NpU
BapiaHTax HaBaHTaXXeHHs, BinnoBinHux | i Il po3paxyHkoBuM pexxumam. 3a OTPUMAaHUMHU Pe3yabTaTaMU BH3HAYEHI
TOYKHM KOHLEHTpALil HalpyXeHb Y KOHCTPYKIISX, sIKi 00paHi B SKOCTI KOHTPOJIBHUX ISl MOJAIbIINX JIOCIIIKEHb.
Tako B SIKOCTi KOHTPOJIBHUX MPHUHHATI TOYKH, IO BiIMOBINAIOTH MICISIM BCTAHOBIICHHS JATYHKIB MPU OIHIN Ha-
mpy’keHb y OiuHill pami mig yac BUNpoOyBaHs. Ha HAaCTymHOMY eTari HOCiIOBHO MPHUKIIAJAINCA OAWNHOYHI HaBaH-
Ta)XCHHS B MICIAX B3aeMopii 0i9HOi paMu 3 OyKcamu i HEHTPaJbHIM PECOPHUM KOMIUTEKTOM. [ OoTpuMaHHS
OUTBIII TOYHOTO PE3yNbTaTy OMUHUYHI CHIM OyJIM BPiBHOBa)KCHI BiAMIOBITHUMHE CHJIaMU Ta MOMeHTaMH iHepii. [Tpn
KOXXHOMY BapiaHTi HABaHTA)XCHHS B KOHTPOJBHHUX TOYKaX OyJIM OTPUMaHI TCH30pPH HaIpy»KeHb, 10 BHHUKAIOTH IiJ
JIi€10 OMMHNYHUX HaBaHTaXXEeHb. Ha 0CHOBI OTpMMAaHUX TEH30piB HANpy>KCHb BU3HAYAIINCS BiATIOBIIHI €KBIBAJICHTHI
HanpyXeHHs — Koe(iuieHTH 4yTiauBocTi. Pe3yabraTn. Y poOOTi BU3HA4YEHI KOe]ILiEHTH YyTIMBOCTI HANpYT /O
30BHILIHIX HABaHTAXXEHb y O1YHIN paMi TPHOXEJIEMEHTHOTO Bi3Ka. 30BHIIIHI HABAaHTa)KEHHS JIIIOTh Ha paMy 3 OOKy
OYKCH 1 IIEHTPAJILHOT'O PECOPHOTO KOMIUIEKTY. 3a pe3yibTaTaMU OI[IHKM OTPUMAHHUX KOC(IIi€HTIB BU3HAYCHI CHIIH,
L0 YMHATh HAWOUIHIIMIA BIUIMB Ha OKpeMi JuisiHku OiuHOi pamu. HaykoBa HoBm3Ha. Briepuie HaBeneHa omliHKa
BIUIMBY OKPEMHX KOMIIOHEHTIB CHJI, L0 JIIOTh Ha OiYHYy pamy, Ha Hanpyru B Hiil. [lonana oriHka MOKJIMBOCTI 3a-
CTOCYBaHHSI OTPUMAHUX Pe3yJbTaTIB IIiJ Yac ONTUMi3alil HapaMeTpiB PECOPHOro IiJBIIIyBaHHS Bi3Ka ISl 3011b-
IICHHS MIIHOCTI i MoBroBivyHocTi OivHO1 pamu. IIpakTnyHa 3HauYMMicTh. OTpUMaHUA pe3yinbTaT MOXe OyTH BU-
KOPHCTaHMH IIiJl Yac MPOEKTYBAaHHS i ONTHUMIi3aIlii TPhOXEIEMEHTHOTO Bi3Ka, JJIS IMiJBUIIECHHS JOBTOBIYHOCTI Oid-
HUX paM. OTpHMaHi TeH30pH HANPYKEeHb MOXKYTh OyTH BUKOPUCTaHI /U OL[iHKU BIUIMBY CKJIAJJHOTO HaBaHTAXKCHHS
Ha MIIHICTb i JOBIOBIYHICTH O19HOI paMHu.

Knrouosi crosa: mitHicTh; Oid4HA paMa; TPHOXEIIEMEHTHUH Bi30K; JOBIOBIYHICTh; BAHTAXHHN BaroH
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YYBCTBUTEJBbHOCTH HANIPSIAKEHUM K CUJIAM,
JAEUCTBYIOIIUM HA JIMTBIE AETAJIA TEJIEXKEK I'PY30BbIX
BAI'OHOB

Hens. Onpenenute BIMSHUE KOMIIOHEHTOB CHJI, JICHCTBYIOIIMX B OYKCOBOM y3Ji¢ M IIEHTPaIbHOM pecCOpHOM
CTYIEHH TO/BEIINBaHMS, Ha HANpsDKEHWs, BO3HUKAIOIINE B OOKOBOH pame TPEXIIEMEHTHOH TENEXKH IPy30BOTO
BaroHa, — OCHOBHasI 11eJIb Hay4yHOH paboTel. MeToauka. J{yst OLleHKN BIMSHUS CHJI HA BOSHUKHOBEHHE HAIPSDKCHUS
B OOKOBOI pame OblIa pazpaboTaHa ee KOHEYHO-3JIEMEHTHAs MOJielb. [locie 3Toro npoBesieHa OLEHKa HaIpsKEHHO-
J1ehOPMUPOBAHHOTO COCTOSIHUSI OOKOBOW paMbl IPW BapHaHTax HarpyxkeHus, coorBercTBytomux [ u Il pacueTrHsim
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pexxumam. o mosmydeHHBIM pe3ysbTaTaM OIpeAeneHbl TOUKU KOHIEHTPALUK HANPSKEHUIN B KOHCTPYKIMH, KOTOpBIE
BBIOpaHBI B KaY€CTBE KOHTPOJIBHBIX JUIS TAJIbHEHIIMX HccienoBaHui. Takxke B KauecTBe KOHTPOJILHBIX TIPUHSTHI TOY-
KH, COOTBETCTBYIOIINE MECTAM YCTAaHOBKH JATYMKOB IIPU OLICHKE HANpsHKeHUH B OOKOBOW paMe BO BPEMsI HCITHITAHUH.
Ha cnemyrommem 3Tarne mociaenoBaTeNIbHO MPHUKIAIBIBATINCH SAUHAYHBIE HATPY3KH B MECTax B3aMMOAEHCTBUS OOKOBOH
pambl ¢ OyKcaMH M IEHTPAJIbHBIM PECCOPHBIM KOMIUTEKTOM. [l MomydeHust 6ojiee TOYHOTO pe3yibTaTa eXMHUIHbIC
CHIIBI OBLIM yPaBHOBEIICHB! COOTBETCTBYIOIIMMH CHIIAMHU M MOMEHTaMH MHEpIWH. [Ipy Kak1oM BapuaHTe HarpyXeHHI
B KOHTPOJIBHBIX TOUKaX OBLIM MOJy9IEHBI TEH30PbI HANPSDKEHHH, BOSHUKAIOINIHE OT ACHCTBUS AMHUYHBIX Harpy3ok. Ha
OCHOBE TIOJIyYEHHBIX TEH30POB HAIPSDKEHUH ONPEAEISUINCH COOTBETCTBYIOLINE SKBUBAJICHTHBIE HANPSDKEHUS — KOI(]-
(uLeHTH 4yBCTBUTEILHOCTH. Pe3yabTaTsl. B paboTe onpeneneHsl KO3 QHUIMEHTH 1yBCTBUTEIEHOCTH HANPSKEHUI
K BHEIIIHUM Harpy3kaM B OOKOBOHW pame TPEeX3JeMEHTHOW TeJeXKH. BHelHne Harpy3ku AefCTBYIOT Ha paMy CO CTO-
POHBI OYKCBI M LIEHTPAILHOTO PECCOPHOTO KOMIUIEKTa. [1o pe3ynpTaTaM OLEHKH MOy4eHHbBIX KOA(dUIMEHTOB ompe-
JIeTIeHbl  CWJIBI,  OKa3bIBAaIOIIME  HauOoJbllee  BIMSHUE HAa  OTACNBHBIE  y4acTKM  OOKOBOW  paMmbl.
Hayunas noBu3Ha. BriepBbie mpoBeieHa OIleHKa BIMSHUS OTAEIBHBIX KOMIIOHEHTOB CHJI, ICHCTBYIOIMX HA OOKOBYIO
paMy, Ha HampsDKEHHS B Hell. JlaHa OlleHKa BO3MOXKHOCTH NPHUMEHEHHS MOJTyIEHHBIX PE3YJIbTaTOB IPH ONTHMHU3ALIIA
[IApaMETPOB PECCOPHOTO TIOBELINBAHUS TEIECKKH A yBEJIMYCHHUS] MPOYHOCTH M JOJITOBEYHOCTH OOKOBOW paMbl.
IIpakTHyeckast 3HaYMMOCTb. [TomydeHHBIH pe3ysIbTaT MOXKET OBITH MCHOJIB30BaH MPH IPOCKTUPOBAHUK M ONTUMHU-
3aIlMM TPEXAIEMEHTHBIX TEJEKEK, JUIS ITOBBIIICHHS JOJITOBEYHOCTH OOKOBBIX paM. IloimydeHHbIC TEH30pBI HANpsKe-
HHUH MOTYT OBITh HCIIOJB30BAHbI JUISl OLCHKH BIMSIHUS CIIO’KHOTO HAarpy KEHHs Ha NMPOYHOCTH M JOJITOBEYHOCTH OOKO-
BOH pamsl.
Kniouegvie cnro6a: IpOYHOCTh; OOKOBas paMa; TPEXdIEMEHTHAs TeJIeXKKa; JOJITOBEYHOCTh; IPy30BOil BATOH
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THEORETICAL STUDIES ON THE PROCESS OF CHANGE OF THE
TECHNICAL CONDITION OF FREIGHT CARS IN OPERATION

Purpose. The scientific work is intended to investigate the technical condition of freight cars during their opera-
tion. The said purpose involves solving the following tasks: 1) to describe the technical condition of a freight car
during the maintenance and repair period; 2) to determine the dependences of the probability of a freight car being
in working condition during the life cycle; 3) to specify the expression for the technical availability ratio of the car
fleet. Methodology. To achieve the purpose, the author examined the methodological approaches to the definition of
various stages of the freight car life cycle. The system of change and transition of the technical condition of the
freight car is described using differential equations. Findings. In the case of an unstable process of changing the
technical condition of a freight car, the probabilistic characteristic of the appropriate life cycle stage depends on the
amount of time. The intensity of the input and output flows are correlated with each other, taking into account the
probability of a freight car being at the appropriate stage of its life cycle. Originality. Transitions from one car life
cycle to another occur in discrete steps, that is, such transitions are characterized by a random process. The probabil-
ity of a freight car being at the appropriate life cycle is determined by its prior technical condition. The total value of
the set of all possible conditions consists of the Markov chain for random processes with random states and a con-
tinuous flow of time. The study resulted in obtaining, for the first time, of the dependence of the probability of
a freight car being in working condition during the life cycle. Practical value. On the basis of the obtained defini-
tion for the probability of the freight car being in working condition the expression for the technical availability ratio
of the car fleet was clarified.

Keywords: freight car; reliability; life cycle of the car; technical condition diagram; technical availability ratio;
car fleet

Introduction changing the technical condition of freight cars in

The main task of rail transport is to ensure un- operation [1, 7, 14].

interrupted transportation process, the mandatory

condition of which is the safe railway operation [9, Purpose

17]. Successful implementation of the tasks facing
the railway needs to improve the technical level of
rolling stock, the introduction of modern high-
efficient constructive solutions, materials and tech-
nologies [12, 16, 18, 19]. In order to maintain
a high technical level of the car fleet, it is neces-
sary to introduce the modern technologies for re-
newal and increase of wear resistance of parts, im-
provement of the maintenance system of cars in
operation [4, 8, 10, 13, 15]. With the introduction
of new information technologies that enable the
automatic identification of cars and their individual
parts, even the normal operation of the car can be
viewed as a stand for reliability testing [6, 11]. The
analysis of publications on this problem indicates
the need for theoretical studies of the process of

The main purpose of the work is to investigate
the process of changing the technical condition of
freight cars in operation. To achieve it, it is neces-
sary: 1) to describe the technical condition of the
freight car during maintenance and repair; 2) to
determine the dependences of the probability of a
freight car being in working condition during the
life cycle; 3) to specify the expression for the tech-
nical availability ratio of the car fleet.

Methodology

The freight car during its lifetime may be at dif-
ferent stages of the life cycle:

— in the initial state (test sample, which under-
goes acceptance tests and has a trial run);

doi 10.15802/stp2018/140782

134

© V. Y. Shaposhnyk, 2018



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancnopty. BicHuk J{HiponeTpoBcbKoro

HAL[IOHAJILHOTO YHIBEPCUTETY 3alli3HHYHOr0 TpaHcnopty, 2018, Ne 4 (76)

PYXOMMUI CKJIAJI 3AJII3HMLIB I TATA TTOI3/11B

in under-control operation;

— in good working condition;

on maintenance (M, Mc-1, Mc-2);

— on roundhouse servicing (RS);

on overall repairs (OR, OR with life exten-

sion);

— on storage;

— in a good non-working condition (idle).

Transitions from one life cycle to another occur
in discrete steps, that is, such transitions are char-
acterized by a random process [2]. The probability
of a freight car being at the appropriate life cycle is
determined by its prior technical condition. The
total value of the set of all possible conditions con-

sists of the Markov chain for random processes
with random states and a continuous flow of time.
In this case, there is a sequence of dependent tech-
nical states [3]. The transition itself from one tech-
nical states S, to other S, occurs through the ac-

tions of the corresponding streams of events. Such
events are failure or restoration.

Let us denote the failure flow intensity rate as
L, and the restoration flow intensity rate of the
technical condition of the freight car as .

Characteristics of the corresponding technical
condition of the freight car at a certain stage of the
life cycle are given in Table 1.

Table 1
Characteristics of the technical condition of the freight car during the life cycle
Designation of tech- _— .
Stage of the relevant life cycle nical cosndition, Failure intensity value, A Rtisg(;giﬂﬁ?c:ﬂtsgﬁgﬁi[)ar:?;f
Starting (initial) state S, - -
Under-control operation Scon - Heon
Good working condition Sy - -
On maintenance Sy Ay Uy
On maintenance Mc-1 St My Mt
On maintenance Mc-2 Shic_2 Myie_2 He—2
On roundhouse servicing Sgs Ags Hps
On OR Sor Sor Hor
On OR with life extension Sort Aore HorL
On storage S - [T
Idle state Si A K,

For the given technical conditions of the life
cycle of a freight car it is possible to propose
a marked diagram with corresponding transitions
(Fig. 1).

The indication of the technical condition of the
freight car is given in the circles, and the transi-
tions themselves from one condition to another are
indicated by arrows specifying the intensity of the
failure or restoration flows. Each technical condi-
tion of the freight car is characterized by the corre-
sponding probability:

— P, — probability rate of freight car being in

its original condition (a test specimen undergoing
acceptance tests and having a trial run);

— P, — probability rate of freight car being in
working condition;

- P, — probability rate of carrying out
maintenance of the freight car;

— Py, — probability rate of carrying Mc-1 of
the freight car;
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— Py, — probability rate of carrying Mc-2 of
the freight car;
— P, — probability rate of being under the

control of operation;

— Py — probability rate of conducting RS of
the freight car;

— P,z — probability rate of carrying out OR of
the freight car;

— Pz — probability rate of carrying out ORL
of the freight car;

— P, — probability rate of the working condi-
tion of the freight car during storage;

— P — probability rate of the working condi-
tion of the freight car at idle.

The probability flow of the technical condition
of the freight car will be equal to the product:
Pk, Pp;.

P2 Pre
@ #Me-2 @
Pilf P RS
e Frge-2 Haged ] Aags @
, Hpg
.(:.-u ’
Hyy 35

Fig. 1. Freight car technical condition diagram

Findings

In the case of an unstable process of changing
the technical condition of a freight car, the proba-
bilistic characteristic of the appropriate life cycle
stage depends on the amount of time, while the
intensity of the input and output flows are correlat-

ed with each other, taking into account the proba-
bility of a freight car being at the appropriate stage
of its life cycle.

The very system of change and transition of the
technical condition of the freight car according to
the diagram (Fig. 1) can be described by means of
differential equations [3, 5]:
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TP vu,; @)
Mz Pw(t)“con_Pcon (t)kcon ; (2)
dt
Pul) o Oy =Py (Oh: @
dt
Fus) g (s Ps (Ve @
dt
C“DMC—M = Pw(t)HMc_z - PMC—Z (t)kMC—2 ’ (5)
dt
PV _p, (O P (i ©
dP,
%(t) =R (t)HOR + Foon (t)Hcon a
_Pcon (t)}"con ; (7)
dpog—:(t) = Pw(t)“ORL + Pcon (t)ucon -

P =

—P con (t)}\’con ; (8)

Pl _p (P @

dP (t

PO _pOn-ren 0
For the probability of freight car being in work-

ing condition, we use the following differential

equation:

dp, (t

A =Py (t) o + Poon () oon + Por (t) (Hor —or ) +

TPORL (t)(More —Aore )+ Prs () (rs —Ags )+
+Py () (1w —Am ) + Precs (1) (Myes = Anes ) +
ez () (Mwe—z = ez ) + P (V) (ke =) +
+R () (1w —2;) (12)

If we solve the system of equations (1-11), we
can find the probability of the freight car being in
working condition (12):

2
Poloto = Peontcon (Hconkcon —Horhcon +Aconror +Mor —Aor +

w

2
2t,, — ucontcon —Hortor (Mor —Aor ) -

+hcontor] ~Horircon ol ~or| )_

“Horltorl (“orl ~ord ) -

~Pamim (MM~ )~ Pmic 1 Me_1Me1(*Me-1~*me1) -

iyt (rp 2w )~ Hvieatw (Bve 1~ *mea) -

~Ppe_2*Me—2iMe-2 (M2 ~*Me_2) ~ Prs RsRs (HRs ~*Rs )~

“Hpe_2w(Bve_2 ~*me_2) ~HRrstw(HRs ~*Rs )~

Using the expression to find the probability of
the freight car being in the working condition (12),

—Pgphsttst (st — st )~ Pititi (i =2 )
_“SttW(“St _7“St ) - “itW(“i - }”i )

.(12)

we can clarify for the expression for the technical
availability ratio of the car fleet (13):
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R, — m D Poiboitoi ~Peonilconi (”coni}‘coni _“orikconi +
A~ - 2
Mot 1=1 2t ~Keonitconi ~Horitori (“ori ~Aori )_
+Aconi*ori T Hori ~ori + *coni®orli ~Morli*coni T Horli ~Morli )_

~Horlitorli (“orli ~orli ) -

~Pai*mitmi (*Mi = Mi )~ PMoti*Me—titMe—ti (MMe—ti ~*Me—ti )~

~Hmitwi (“Mi —AMi )‘“Mc—litwi (“Mc—li ~AMc—i )‘

“Ppre—2i*Me—2i'Mc-2i (”Mc—Zi ~AMc—2i )‘P RSi*RSi’RSi (“RSi ~ARsi )‘

“Imte_2itwi (MMo—2i ~*Mc_2i )~ MRsitwi (HRsi ~*Rrsi ) -

where m — the number of freight cars in good
technical condition; i — the corresponding freight
car; my, — total number of the car fleet units.

Originality and practical value

Having formed the Markov chain for random
processes of probability of the freight car being at
a corresponding life cycle with random conditions
and continuous flow of time, we for the first time
obtained dependence of probability of the freight
car being in the working condition during the life
cycle. On the basis of the obtained definition for

~Pgitstitsti (Msti ~ *sti )~ Piiiitii (Hii — i )
Htitwi (Rsti — st )~ Hiitwi (i i)

. (13)

the probability of the freight car being in working
condition the expression for the technical
availability ratio of the car fleet was clarified.

Conclusions

The work considered change of technical con-
dition of freight cars in operation occurs during the
whole lifetime, and the technical condition can be
in different stages of the life cycle. Transitions
from one car life cycle to another occur in discrete
steps, that is, such transitions are characterized by
a random process.
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TEOPETUYHI TOCIKEHHA HPOUHECY 3MIHU TEXHIYHOTI'O
CTAHY BAHTAKHUX BAI'OHIB IITJI YAC EKCINVIYATALII

Mera. Y HayKoBill poOOTI HEOOXITHO AOCHITUTH TEXHIYHHNA CTAaH BAHTAXXHUX BaroHIB MiJ 9ac iX eKCIUTyaTarlii.
3a3HaveHa MeTa niepedadae po3B’I3aHHS TaKMX 3aBllaHb: 1) OMMCATH TEXHIYHUN CTaH BAHTA)KHOTO BaroHa B Mepioj
TEXHIYHOTO 0OCITyrOBYBaHHS W PEMOHTY; 2) 3’CyBaTH 3aJIe)KHOCTI IMOBIpHOCTI repe0yBaHHS BaHTa)KHOTO BaroHa
B po0OYOMY CTaHI MPOTITOM LUKy iCHYBaHHS; 3) YTOUHUTH BHpa3 IJIs1 KoedillieHTa TeXHIYHOI TOTOBHOCTI BaroH-
Horo mapky. MeToamka. J{is TOCATHEHHS TOCTABJIEHOI METH aBTOPOM OYJIH PO3TIISIHYTI METOAOJOTIYHI MAX0AH 0
BHM3HAYEHHS PI3HUX CTaJliil )KUTTE€BOTO LUKIY BaHTAXXHOTO BaroHa. CHCTeMa 3MiHM W MEepexoay TeXHIYHOTO CTaHy
BaHTA)XHOI'O BaroHa OIMCaHa 3a JOIOMOIoI0 JU(epeHIiaIbHIX PiBHAHb. Pe3ynabTaTH. Y BHNAgKy HEYCTAJIEHOTO
MPOLIECY 3MIHM TEXHIYHOTO CTaHy BaHTA)XHOT'O BaroHa HMOBIpPHICHA XapaKTEepUCTHKA BiIIOBIAHOI CTAi] )KUTTEBOTO
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PYXOMMUI CKJIAJI 3AJII3HMLIB I TATA TTOI3/11B

MUKy 3QJICKHUTh BiJl BEIMYUHH Yacy. |HTEHCHBHICTh BXIIHOTO W BHXIJHOTO MOTOKIB KOPETIOKTHECA MK COOOI0
3 ypaxyBaHHSIM IMOBIPHOCTI NepeOyBaHHs BaHTa)KHOTO BaroHa Ha BIJIIOBIAHIN cTajii HOro >KUTTEBOTO LIUKIY.
HaykoBa HoBu3HA. [Iepexoau 3 0THOTO XHUTTEBOTO IIUKITY BaroHa B iHIINI BiIOyBalOTHCS CTPHOKONOIOHO, TOOTO
TaKUM TIepexo/1aM BIACTUBUI BUIAIKOBHH mporiec. IMOBipHICTE mepeOyBaHHS BaHTa)KHOTO BaroHa y BiANOBITHOMY
KUTTEBOMY IIHKJII BU3HAYAETHCS HOTO MOTEPEIHIM TEXHIYHHM CTAHOM. 3arajbHa BEeJIMYMHA CYKYHMHOCTi BCiX MOX-
JUBHUX CTaHIB CKIAAAETHCA 3 JaHIIOra MapKoBa Uil BUIIAJIKOBHUX TPOIIECIB 13 BUIIAJKOBIMH CTaHAMU i Oe3mepeps-
HUM MIOTOKOM dacy. Y pe3yibTaTi JOCITiHKEHHS BIIEpIIe OTPHMaHa 3aJIeKHICTh IMOBIPHOCTI IiepeOyBaHHS BaHTaX-
HOTO BaroHa B poOOYOMY CTaHi NMPOTSAroM LUKIy icHyBaHHs. IlpakTuuyna 3nHaummicTb. Ha ocHOBI orpumanoro
BU3HAYCHHS JJIsI WMOBIPHOCTI HepeOyBaHHS BaHTQ)XHOTO BaroHa B poOOYOMY cTaHi OyJ0 YTOYHEHO BHpa3 s
KoediIllieHTa TEeXHIYHOT TOTOBHOCTI BATOHHOTO TIAPKY.

Knouosi cnosa: BaHTQXHUEN BaroH; HAJIMHICTh; JXUTTEBUI UK BaroHa; CXxeMa TEXHIYHOTO CTaHy; Koe(illieHT
TEXHIYHOI TOTOBHOCTI; BarOHHUII MapK

B. 10. HIATIOITHUK!

"Kag. «BaroHs! 1 BATOHHOE XO3SHCTBOY, J{HENPONETPOBCKHUIl HAMOHAILHBIA YHUBEPCHTET 5KENe3HOA0POKHOI0 TPAHCIIOPTa
UMeHH akanemuka B. Jlazapsina, yi. Jlazapsina, 2, launpo, Ykpausa, 49010, ten. +38 (056) 373 15 19,
ai1. moura Vladislav.sh91@gmail.com, ORCID 0000-0003-4701-6491

TEOPETHYECKHUE UCCJIEAOBAHUA IPOUECCA UBMEHEHUSA
TEXHUYECKOI'O COCTOAHUA I'PY30BbBIX BAI'OHOB IIPHU
IKCINVIYATALIUN

Lean. B HayuHOi1 paboTe HEOOXOAMMO HCCIIEIOBATh TEXHMYECKOE COCTOSHUE I'PY30BBIX BarOHOB MPHU MX JKC-
IUTyaTalluy. YKa3aHHas LeNb MpeanojaraeT peeHne cleayomux 3aaad: 1) onucaTb TEXHUYECKOe COCTOSIHUE Tpy-
30BOTO BaroHa B MEPHOJA TEXHUYECKOTO OOCITY)XMBaHMS M PEMOHTA; 2) BBIACHUTH 3aBHCHUMOCTH BEPOSTHOCTH
HaXOXJICHNSI TPY30BOTO BaroHa B pab04YeM COCTOSHHHU B T€YEHHE LIMKIJIA CYIIECTBOBAHMSA; 3) YTOUHUThH BBIPAKCHHE
Ut K03 PHUIIMECHTa TEXHUIECKOH TOTOBHOCTH BaroHHOTo napka. Meroauka. st JOCTHKEHHS OCTaBICHHOM Lienn
aBTOPOM OBUIH pacCMOTPEHBI METOAOJIOTHYECKUE TTOIXO0 (Bl K ONPEETICHUIO Pa3INUHbIX CTaUH )KN3HEHHOTO IIUKIIa
rpy30Boro Barona. CucrteMa U3MEHEHUS U NEPEXo/ia TEXHUYECKOTO COCTOSHUS TPY30BOro BaroHa OMHMCaHa C MOMO-
mpto tuddepeHraibHeX ypaBHeHuid. PesyabraTsl. B ciiydae HeycTaHOBHBIIErocs mpolecca N3MEHEHUs TEXHHU-
YECKOI'0 COCTOSIHUSL I'PYy30BOI0 BarOHa BEPOSITHOCTHAS XAPAaKTEPUCTHKA COOTBETCTBYIOIIECH CTaJUU JKU3HEHHOTO
LUKJIA 3aBUCUT OT BEIMYUHBI BpeMeHU. VIHTEHCUBHOCTb BXOJHOI'O U BBIXOJHOI'O IIOTOKOB KOPPEIUPYIOTCS MEKAY
c000#i ¢ y4eTOM BEpOSITHOCTH MPEeOBIBaHUS I'PY30BOT0 BaroHa Ha COOTBETCTBYIOIIEH CTaJNHU €ro XH3HEHHOTO IIHK-
na. Hayynast HoBu3Ha. Ilepexo/ipl ¢ OHOTO KM3HEHHOI'O IMKJIa BaroHa B APYTOH MPOHCXOSAT CKauKOOOpa3HO, TO
€CTb TaKUM IIEPEXO/aM IPUCYLIUM ciaydyaiHblil pouecc. BeposTHOCTh HAXO0KAEHUS IPY30BOrO BaroHa B COOTBET-
CTBYIOIIIEM JKH3HEHHOM LIMKJIE OMPEAEIsIeTCs ero MpeablIylM TEXHHYEeCKUM cocTossHueM. OOmas BeIHYuHa Co-
BOKYTTHOCTH BCEX BO3MOJKHBIX COCTOSIHUII COCTOMT M3 Lenu MapkoBa /il clydalHbIX MPOLECCOB CO CAy4alHBIMU
COCTOSIHUSIMU M HENPEPHIBHBIM TIOTOKOM BpeMEHH. B pesynbraTe McclieoBaHUs BIIEPBBIE MOTy4Y€HA 3aBUCHMOCTb
BEPOSITHOCTH TIPEOBIBAHMS TPY30BOIO BaroHa B paboO4YeM COCTOSHMM B TEUYCHHE LHUKJIA CYNIIECTBOBaHMS.
IpakTnyeckas 3HaunMocTh. Ha 0CHOBE MONMy4eHHOrO ONpeeeHusl BEpOATHOCTH HAX0XKIE€HHs IPy30BOr0 BaroHa
B paboueM COCTOSTHHH OBLIO YTOUYHEHO BBIpaXKEHHE s KO3((UIMEHTa TEXHNYECKOI TOTOBHOCTH BarOHHOTO MapKa.

Kniouesvie cnosa: Tpy30BOM BaroH; HaJEKHOCTH; KU3HEHHBIN IIMKJI BaroHa; CXeMa TEXHHYECKOTO COCTOSHHUSA;
KO3 PHUIUEHT TEXHUUECKOW TOTOBHOCTH; BATOHHBIH MapK
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